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THE IONIUM METHOD OF DETERMINATION 
OF MARINE SEDIMENTS 


I, E. Starik, Yu. V. Kuznetsov, S. M. Grashchenko, and M. S. Frenklikh 


V. G. Khlopin Radium Institute 
Academy of Sciences, SSSR, Leningrad 


Abstract 


Results of an investigation of the vertical distribution of uranium, radium, 
ionium and thorium as well as iron, manganese and calcium in 7 cores of marine 
sediments raised from the bottom of the Indian and the Pacific oceans are given 


in the article. 
The results obtained allow the following conclusions to be drawn: 
1. In deep sea sediments radium and ionium are in all experimental points 


in radio active equilibrium. 

2. Ionium and thorium occur in marine sediments in various forms. 

3. The thorium and uranium content in all studied sediments does not change 
by the length of the core, remaining constant in the ranges of the error of meas- 


urement. 
4. Three types of marine sediments may be distinguished according to the 


character of distribution of the ionium and radium to them: Littoral sediments, 
sediments of an intermediate type and typical deep sea sediments. 

5. A connection between the vertical distribution of ionium and radium on the 
one hand and the vertical distribution of calcium on the other hand has been de- 


tected in a number of cores. 


Pettersson’s hypothesis explaining the deficiencies of thorium and 
radium in sea water by the precipitation of thorium isotopes [1] was 
employed by Urry and Piggot [2] in the geochronology of deep marine 
sediments, as studied by the ionium method. According to this method, 
after secular equilibrium of ionium and radium is established, the 
changes in the concentration of radium with depth in the sedimentary 
section serve as indicators of the variations in the concentration of 
ionium. If the variations in ionium concentration are caused by radio- 
active decay alone, then the radium-ionium concentrations are a func- 
tion of the time of deposition of the sediments and the rate of decay of 
ionium down to the horizon where uranium, ionium and radium are 
found in radioactive equilibrium. The depth of the sediments in centi- 
meters is an expression of the geologic time-age of the sediments. 

Further investigations [3, 4, 5, 6] have shown, however, that the 
orderly exponential character of the curve representing the distribution 
of radium in the section of deep-sea sediments in depth is distorted by 
some secondary maxima which require an explanation. 

Materials collected by the Swedish deep-sea expedition in 1947-1948, 
aboard the Albatross, made it possible to extend the studies of the dis- 
tribution of radium in the cores of deep-sea marine sediments. On the 
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basis of the radium analysis of 13 cores from the central and the 
western parts of the Pacific, it was shown by Kroll [3] that the distri- 
bution of radium in the sediments is a far more involved problem than 
one would think it to be, were one to proceed only from the findings of 
Urey and Piggot. Among the causes responsible for the distortions in 
the smooth radium curve in the deep-sea cores, the following ones are 
indicated by Kroll [ 3]: 

1. Changes in the concentrations of ionium in the sediments, in 

time, because of: 
a) Differences in the adsorbing capacity of sediments 
b) Variations in the chemical environments in the sea water 
responsible for the precipitation of ionium 

2. Changes in the rates of sedimentation 

3. Diffusion and adsorption of radium in sediments 

It is understood that more definite conclusions regarding geochem- 
istry of radium in the ocean may be drawn only from a large number 
of determinations of uranium, radium, and thorium isotopes both in 
sea water and in the sediments. 

However, there are very few such comprehensive studies on record 
and even the analytical data on uranium, ionium, and radium in coastal 
sediments are nearly absent from the literature. Radiochemical stud- 
ies of coastal sediments are continuing, meanwhile, to be a subject of 
extraordinary interest, inasmuch as they are concerned with one of 
the stages in the geochemical cycle of uranium, ionium, and radium 
prior to their entry into the ocean. 

It appeared to be desirable to us therefore to investigate the distri- 
bution of uranium, ionium, and radium in coastal sediments to augment 
such studies in deep sea sediments. 


METHODS 


Radium and uranium in marine sediments were determined by the 
procedures described in the literature. Uranium was determined by 
the luminescent method, first proposed by Karlik and Herrnberger [ 7]; 
radium was determined by the vacuum-emanation method [8]. 

The method for ionium in marine sediments may be accepted as an 
exact and a reliable procedure, provided it is able to meet the follow- 
ing requirements: 

1. In the chemical isolation of thorium isotopes, these isotopes are 
entirely liberated from non-isotopic o -emitters. 

2. Thorium isotopes are isolated without the carrier or with the 
least amounts of the carrier, in order that, after the deposition of the 
total bulk of the active sediment onto the target, there would be no 
self-absorption of alpha-rays. 

3. There must be an exact record of the percentage of the a - 
activity derived from thorium and radio-thorium, so as to afford 
quantitative estimation of the ionium content of the samples. 
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The relatively simple and easy method of V. I. Baranov and L. A. 
Kuzmina [11] fails to meet any one of the foregoing requirements. 
For this reason, we made no use of their method in our studies. 

The low percentage of the recovery of thorium isotopes by the 
method of Isaak and Picciotto [ 9] does not permit us to measure the 
isolated a-activity with a sufficient degree of precision using the 
apparatus of the DA type. Consequently, this method was not used in 
our investigations. 

Ionium in marine sediments was determined by following the pro- 
cedure of I. E. Starik, A. S. Starik, and G. S. Lozhkina [10], with 
certain adaptations to the marine sediments. 

It is evident that the measured oa-activity depends on four isotopes 
of thorium: Th*”, Th?*(Io), Th?#*(RaTh), and Th””” (RaAc). 

As shown by Isaac and Picciotto [9], the percentage of w-activity 
derived from Th” (radioactinium) is extremely small and is disre- 
garded in our estimations, while the percentage of o-activity from 
Th?” and Th?’ (radiothorium) may prove to be substantial and must 
be determined with the greatest precision attainable. 

Radiothorium is determined by ThX which is separated, together 
with radium, on the precipitate of barium sulfate in the radium analy- 
sis. In order to attain the maximum of accuracy in the measurements 
of radiothorium, the determination of RaTh by ThX was conducted 
simultaneously with determination of radium in a 20 gram aliquot of 
the silt. The error of measurement, in dealing with such quantities 
of ThX, did not exceed 15%. 

Thorium was determined colorimetrically, by the method described 
by Thomasson, Perry, and Buerly [13]. The measurement error was 
again not over 15%. 

After the determinations of RaTh and Th, the total o-activity was 
corrected for a -activity due to these constituents and the result ob- 
tained was taken for all practical purposes as the a-activity due solely 
to ionium. 

Th?**(UX,), serving as the indicator of thorium isotopes, was pre- 
pared from a solution of uranyl nitrate where it was accumulating in 
the course of one month, after a careful purification of the uranyl 
nitrate. The purification of uranium from thorium isotopes was per- 
formed by the following three methods, in sequence: 

1. Extraction of uranium by ether from 1N nitric acid saturated 
with ammonium nitrate. 

2. Separation of thorium isotopes from uranium on iron hydroxide 
by the soda process. 

3. Quantitative adsorption of thorium isotopes on Schott filters, 
from strongly alkaline media, in the presence of hydrogen peroxide; 
uranium, as per-uranate, remains in solution, by this procedure. 

UX,, isolated from the solution of uranyl nitrate, after one month’s 
period of its accumulation, was checked by the a-counter and was 
found to be not higher than the background in its activity. 
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PROCEDURE 


Prior to the determinations of ionium in marine sediments blank 
tests were performed so as to check the reagents and the chemical 
glassware for contamination by thorium isotopes. These checks 
showed that the extent of contamination of the reagents and the glass- 
ware does not exceed the background of the a-measurements. The 
samples were dried in an oven at 105°C to constant weight before their 
aliquots were taken for the analysis. 

5 grams of silt ignited at 800°C were placed in a platinum cup; the 
UX, indicator was added and the sample was treated by a mixture of 
sulfuric and hydrofluoric acids. The resulting sulfates were washed 
off with 5% nitric acid into a beaker, dissolved by heating, and the 
solution was treated by CO.-free ammonium hydroxide; the precipi- 
tated sesquioxides were filtered off and washed with hot water. The 
precipitate on the filter was dissolved in 5% nitric acid, the solution 
was evaporated to a small volume, and its acidity was made 0.1N by 
dilution with water. 50 mg of calcium chloride were added to the hot 
solution (in the case of samples low in calcium) and the solution was 
double -diluted with saturated oxalic acid. The precipitated calcium 
oxalate was filtered off, washed with 1% oxalic acid, ignited to calcium 
carbonate in a muffle, and dissolved in 20 to 30 ml of 5% nitric acid. 
The solution was double-diluted with ammonia, with the addition of a 
few drops of 3% hydrogen peroxide; the small precipitate of the hydrox- 
ides was filtered on two Schott filters, joined in series, washed with 
dilute ammonia, and dissolved in 5% nitric acid. Thorium isotopes 
were twice co-precipitated with 10 mg of calcium oxalate from a small 
volume of the solution. After the final separation of ionium from cal- 
cium, by passing the solution through a Schott filter, the active residue 
on the filter was dissolved in 1N nitric acid and the solution was elec- 
trolyzed in a platinum cup, which served as the anode, in order to 
separate polonium from the active residue. The cathode was a plati- 
num plate with the area of 7.2cm?. The current was 100 m.a.; the 
voltage 2.1 v; duration of the electrolysis, 10 hours. 

A quantitative separation of polonium on the platinum cathode, unde: 
the conditions of the electrolysis, was attested by control experiments. 
The solution in the platinum cup was evaporated to dryness and the re- 
maining ammonium salts were expelled by heating. The active residue 
was dissolved in nitric acid and transferred into a cell where its vol- 
ume was reduced to 0.5 ml by evaporation. The active residue was 
transferred then onto the target and, after an evaporation under a 
lamp, the o-measurements of thorium isotopes were made in the DA 
type apparatus. 

After the o-measurements, the active residue was dissolved in 
nitric acid (1:1) and the percentage of the yield was determined by the 
B-counter. Yields of the UX, indicator varied within the range of 80 
to 95%. The background for the a-counter did not exceed two impulse: 
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per minute. The accuracy of the ionium measurements was within 8 
to 15% for our samples, by the methods here described. 


RESULTS AND DISCUSSION 


The radiochemical measurements were made by us on a series of 
cores of marine sediments placed at our disposal by the Institute of 
Oceanography, Academy of Sciences, USSR. Vertical distribution of 
uranium, radium, and thorium isotopes, together with the vertical 
distribution of iron, manganese, and calcium was studied in 7 cores. 

Core No. 1 was collected from the southern part of the Indian 
Ocean (at 3800 meters depth, 60°28'S, 140°21'E) Station No. 51; 
homogeneous appearance; light gray; 360 cm long. The data on urani- 
um, radium, thorium, and ionium are shown in Table 1. The distribu- 
tion curves, with the corresponding curves for iron, manganese, and 
calcium, are represented in Figure 1. 

This core does not belong to the typical oceanic deep-water sedi- 
ments and it is not typical of littoral sediments. More: likely than not, 
the core belongs to sediments of the intermediate type. 
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Fig. 1. Distribution curves for chemical elements. 
Station No. 51. Antarctica. 


Inasmuch as we had already shown that thorium and radiothorium 
are found in radioactive equilibrium, we are reporting only thorium in 
Tables 1, 2, and 3. 

As may be seen from Figure 1, the distribution of thorium and 
uranium is apparently independent of the depth of the section and is 
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essentially constant. The distribution of radium is more involved and 
is indicative of several maxima. It is unlikely that these maxima and 
minima of radium are correlative with the maxima and minima of 
ionium. Variations in the concentrations of iron, manganese, and 
calcium in the section are apparently not associated with the distribu- 
tion of ionium and radium. 


Table 1. The Content of U, Ra, Io, and Th in Core No. 1 


Horizon Ux 107° Io x 10—° Ra x 107” Texel 
cm e/g e/g e/g g/g 
0-2.5 123 2.5 BLM: 9 

2.5-5.0 1.4 2.5 24 87 
en 1.2 2.5 2.4 34 

Deity 1.3 2.3 2.0 9? 
We22 1.6 5.2 ET 9? 
2222 1.5 2.4 1.8 9* 
Mies 2n0 feo 1.8 1.8 9° 
44-49 11 & 4.8 1,6 122 
59-65.5 1.4 PAF 1.9 9 
80-85 1.8 233 1.0 8° 

100-105 1.5 353 DX stil 

140-145 1.3 3.3 Laat 10° 

216-223 1 4.2 2.0 te 

320-326 Lait 3.3 1.4 12 

345-360 eo 2.9 1.8 12 


Core No. 2 (at 90 meters depth; collected in Bering Sea), Station Ne 
990; homogeneous appearance; gray; no abrupt changes in colors notec 
length 260 cm. The data on the distribution of radium, uranium, ioni- 
um, and thorium in this core are presented in Table 2. ‘ 

The distribution curves for uranium, radium, thorium, and ionium 
are presented in Figure 2. 

Like in core No. 1, the distribution of uranium and thorium is re- 
markably constant throughout the length of the core. The concentratio 
of radium rises abruptly, beginning with the 80 cm horizon, but falls 
back almost to its surficial levels toward the bottom of the core: The 
concentration of ionium decreases somewhat, downward in the core 
(to the 80 cm horizon), holds constant for a while, and then increases 
rapidly toward the bottom of the core. There is no apparent connectic 
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Table 2. The Content of U, Io, Ra, and Th in Core No. 2 


Horizon Ux107® Iox10-*° Rax10-*? Thx10~-° 
cm g/g e/g e/g g/g 
0-10 122 1.4 0.8 6.3 

10-15 ile 0.5 Tel 6.0 

15-20 1.6 0.4 WE 6.0 
25-32.5 1.4 0.4 3 ipa 6.3 
37-44 1.8 0.4 1.0 6.0 
56-60 det 0.4 1.6 --- 
66-72 1.3 0.2 Meal --- 
78-86 1.1 0.2 4.7 7.5 

105-111 0.9 0.6 3.0 6.6 

152-157 2) 2.1 5.3 6.4 

212-220 ua 2.0 1.3 6.5 

230-239 Led 4.6 2.0 6.4 

248-253 1.0 4.1 ita) 6.4 

between the distribution of Table 3. The Content of Ra and 
radium and of ionium. Their Th in Core No. 3 
distribution is not reflected by 

the changes in the concentra- Horizon Rax10 ** Thx10 ° 
tions of manganese, iron, and cm g/g e/g 
calcium. 

Core No. 3 (at 221 meters eS se ; 
depth; at 57°47.8'N, 161° 21'E); 24-34 11 5 
clayey diatomaceous silt; light 44-54 ipl 6 
greenish-gray; some rolled 71-83 lp = 
gravel, unrolled gravel, grains 105-112 ae 2 
of quartz. Ionium and uranium aie = 5 
were not determined in this 181-190 1.1 a 
core. The results on radium 202-210 1.6 6 


and thorium are shown in 
Table 3. Distribution curves 
for radium and thorium, and iron, manganese, and calcium are given 
in Figure 3. 

As in the previously reported cores, the concentrations of thorium 
are practically constant throughout the length of this core. 

The suppositions offered by Urry and Piggot [2] regarding the 
constancy of radium concentrations with depth in littoral cores, appear 
to be justified in this particular case. It appears also that, in this 
core, the distribution of manganese reflects the distribution of radium. 

The concentrations of radium in cores Nos. 1 and 2 exceed Signifi- 
cantly the equilibrium concentrations corresponding to the determined 
amounts of uranium. The radium/ionium ratio is below the equilibrium 


value throughout the 
entire length of core 
No. 1. This ratio 
varies within a wide 
range in core No. 2 
(Fig. 4). 

The urlike distri- 
bution of ionium and 
thorium in marine 
sediments, as estab- 
lished by our studies, 
is a very interesting 
fact: while the thori- 
um content remains 
constant through the 
entire length of the 
core, the ionium 
content shows some 
highly significant 
variations. This may 
be due to external 
causes (differences 
in the accessions of 
ionium and thorium 
from rivers or dif- 
ferences between 
sedimentation envi- 
ronments leading to 
the settling of ionium 
and thorium at the sea 
floor) as well as in- 
ternal ones (migration 
of ionium in the sedi- 
mentary section). 
Migration of ionium 
along the length of the 
sedimentary core, re- 
sulting in an irregular 
distribution of ionium 
and thorium in depth, 
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Fig. 2. Distribution curves of chemical elements. 
Station No. 990. 
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Fig. 3. Distribution curves of chemical elements. 
Station No. 1817. Okhotsk Sea. 


is possible only if both ionium and thorium are present in different 
forms. The Th/U ratio in the cores we had examined is the same as 
in continental materials. This leads to a suggestion that thorium and 
uranium are present in marine sediments chiefly as mineral grains. 
The form of ionium in the sediments is apparently not the same; most 
probably, ionium is adsorbed by particles of which the sediment is 


composed. 
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The unlike forms 
in which ionium and 
thorium are present 
in marine sediments 

_ should be conducive 

_ to the possibility of 

a vertical migration 

of ionium. We 

_ think, however, that 

a suggestion of this 

_ kind would be pre- 

mature. It seems 

_ more probable that 

_ the vertical varia- 

_ tions in the concen- 

tration of ionium 

are due to varia- 

_ tions in the acces- 
sion rates, for ioni- 
um in the sediments, 
in different geologic epochs. 

Core No. 4, Station No. 97; at 4864 depth; length of core 200 cm; at 
mo232' 5, 120°35°E. 

The core appears homogeneous; gray color. Figure 5 shows em- 
pirical curves of the distribution of radium, uranium, ionium, thorium, 
manganese, iron, and calcium. As seen in Figure 5, the radium con- 
tent decreases with depth, from 5 x 10-” g Ra/1 g of silt to 8x 10°" g 
Ra/1 g of silt at the lower part of the core.* 40cm below the top of 
the core, there is a definite peak of Ra; the curve runs nearly flat from 
70 to 140 cm, whereupon the concentration of radium begins to rise 
again, reaching 1.6 g Ra/1 g silt in the lower part of the core. Vertical 
distribution of ionium follows that of radium, in this particular core. 

The concentration of thorium is practically independent of depth, in 
core No. 4, and is constant at 8 x 10-° g Th/g.{ The same is the case 
also for radiothorium which is present in the radioactive equilibrium 
with thorium in all of the cores we had examined. 

The concentration of uranium changes with depth, to some extent. 

We could find no relationship between the distribution of radium and 
ionium on one hand and the distribution of manganese and iron on the 
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Fig. 4. Distribution of Ra/Io ratio in cores 
from stations No. 990 and No. 51. 


*The figures do not agree with the diagram or the context. According to the dia- 
gram, Ra near the top of the core is about 4.8 x 107” g/g silt and about 1.5 x. 
10°?” g/g silt at the bottom of the core. The range is, roughly, 1 to 5 (x 10° ee) 
g Ra/g silt. VPS 

¢‘‘8 x 107)?” in the original—a misprint. The diagram’s Th scale is not legible. 
“10-6 is right. VPS 
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Fig. 5. Distribution of chemical elements. Station No. 
97, core No. 4, Indian Ocean. 


other. There is a definite association in the distribution of ionium, 
radium, and calcium: calcium is distributed symbasically with ionium 
and radium. 


Core No. 5. Station No. 129. Depth of sampling 4700 meters; at 
30°07'S, 60°35'E; length of core: 200 cm. 

The core appears homogeneous; brown color. Figure 6 illustrates 
the distribution of uranium, radium, ionium, thorium, iron manganese, 
and calcium in core No. 5. 

The concentration of radium decreases with depth, from 16.5g x 
10-” g Ra/g silt to 0.7 x 10" g Ra/g silt; the latter figure represents 
the equilibrium with uranium. 

The vertical distribution of ionium in this core, as in core No. 4, is 
entirely the same as the distribution of radium. 


There are practically no changes in the concentrations of uranium 
and thorium in depth. 
There is no relationship between the distribution of radium and 


ionium on one hand and the distribution of iron, manganese, and cal- 
cium on the other. 


Core No. 6. Station No. 36. Collected at 3820 meters depth; at 60°15'S 
120°50'N. The core appears homogeneous; gray color. 


Distribution curves for radium, iron, manganese, and calcium in 
core No. 6 are shown in Figure 7. 
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Fig. 6. Distribution curves of chemical elements. Station 
No. 129, core No. 5, Indian Ocean. 


The distribution of radium has a complex character, showing sev- 
eral maxima and minima. Uranium, ionium, and thorium were not 
determined in this core. 

We could find no relationship between the distribution of radium on 
one hand and the distribution of iron and manganese on the other. 
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Fig. 7. Distribution of chemical elements. Station No. 
36, core No. 6. 
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replicates the distribution 


of radium. a Ce ee 

Core No. 7. Station No. ak | | 
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elements. Station No. 2463, core No. 7, 


upper part of the core is Pacific Ocean 


35x10 eiRa/e silt, 
decreasing to 1 x 10°" ¢ 
Ra/g silt downward and rising again to 3x 107°" ¢g silt, beginning with 
the 85 cm horizon. 
The concentration of thorium is constant throughout the core: 
5 x 10°°g Th/g silt. The distribution of calcium, iron, and manganese 
is unrelated to the distribution of radium, as may be seen in Figure 8. 
Table 4 gives an example of the results on radium, ionium, uranium 
and thorium in core No. 5 (Station No. 129). Table 5 is an example of 
the ionium/uranium and radium/ionium ratios in the same core. As it 


? 


Table 4 
ane Horizon -Ra x 107° Th dure Io x 107° Ux 10>" 

cm g/g e/g g/g g/g 
1 Sies12.5 16.5 13 9.3 1.0 
2 125-1735 11.0 15 5.0 1.0 
3 17.5 = 29 5.9 16 $3 - 
4 Na Oa] 2.9 15 1.5 1.3 
5 27 =:35 0.6 14 0.4 D3 
6 54 - 64 0.6 13 0.4 = 
7 64.73 0.7 13 5 1.5 
8 remy | 0.7 12 0.4 s 
9 81 - 89 0.5 1.6 0.8 . 
10 107 - 119 0.7 11 0.3 1.6 
11 127 - 136 0.6 14 0.5 = 
12 143 - 151 0.6 11 0.5 = 
13 LR 187, 0.6 14 0.4 2 
14 199 - 209 0.5 Pe 0.4 1.6 
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is evident from Table 5, the Ra/Io ratio is about the same throughout 
the length of the core and its magnitude is representative of the radio- 
active equilibrium between ionium and radium. The Io/U ratio falls 
from 93 x 107° in the upper part of the core to 1.9 x 107° in the lower 
part, which is an indication of the radioactive equilibrium between 
ionium and uranium in the 35 cm horizon. 

The fact of the radioactive equilibrium between ionium and radium 
in the cores examined by us shows that there is no vertical migration 
of the radium in the core. 

The absence of any relationship between the distribution of ionium 
and of iron and manganese suggests the absence of any vertical migra- 
tion of ionium in the core. 

We may suggest therefore that the ionium maxima and minima are 
due to external causes which may be sought in the alterations in the 
adsorbing properties of the sediments in time. 

The parallelism in the distribution of ionium and calcium, as ob- 
served in cores Nos. 4 and 6, came as a surprise. 

Our results on the distribution of uranium, radium, and ionium in 
cores Nos. 4, 5, and 7 enabled us to calculate the average rates of the 
accumulation of sediments represented by these cores. 

The average rate of sedimentation for core No. 4 amounts to 5 mm 
for 1000 years; this rate is somewhat lower for core No. 5, corres- 
ponding to about 2 mm per 1000 years. The average rate of sedimen- 
tation for core No. 7 is 1.3cm per 1000 years. 

Three types of sediments may be recognized, on the basis of our 
findings, characterized by certain definite relationships in the vertical 
distribution of the radioactive elements: 


Table 5 


(Ra/Io) x 107? (Io/U) x 107° 


Sample Horizon, (theoretically (theoretically 
No. cm 129Bxo1 0m) 1.8 x 107°) 
1 ee ON 1.8 93 
2 t207- 11-5 Mp 50 
3 17.5 ~ "22 1.9 = 
4 oe emer 1.9 12 
5 Py eee iA 3 
6 54 - 64 1.4 : 
7 64 - 173 . : 
8 73) = 81 0.8 3 
9 81 - 89 2 F 
10 107 - 119 2.2 1.8 
11 127 - 136 1.2 3 
12 143 - 151 1.8 ‘ 
13 ree Ci 1.5 
14 199 - 209 1.3 2.5 
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1. Littoral marine sediments at shallow depths (cores Nos. 2 and 3). 
The distribution of radium and ionium has a complex character show- 
ing several maxima and minima. The distribution of radium is unre- 
lated to the distribution of ionium. The concentrations of thorium and 
uranium are constant throughout the core, with thorium in radioactive 
equilibrium with radiothorium. 

The complicated character of the vertical distribution of ionium and 
radium depends apparently on a number of external factors among 
which we must emphasize the effects of the continental run-off which 
are subject to variations in time, beyond any doubt. 

2. Sediments of intermediate type. An example of this type is core 
No. 1, described in full, with the radio-chemical analytical results pre- 
sented in Table 1 and Figure 1. This core was taken at 3800 meters 
depth at no great distance from the shore. 

The effects of the continental run-off are not as conspicuous here 
as they are in sediments of type 1. 

The distribution curves for radium and ionium have a fairly com- 
plicated character, although the distribution of radium is somehow 
related to the distribution of ionium. The concentrations of uranium 
and thorium are constant throughout the entire length of the core. 

3. Deep-water marine sediments (cores Nos. 4, 5, and 7). The 
concentration of radium decreases vertically in the cores, from the 
upper horizons to the lower. Several maxima and minima in this dis- 
tribution, noted in several cases, are due to some possible variations 
in the accession rates for ionium, in time. The vertical distribution 
of ionium replicates the vertical distribution of radium. The concen- 
trations of uranium and thorium remain constant throughout the length 
of the core. 

One may reach the conclusion on the basis of our results, that the 
ionium method of determining the geologic age of marine sediments 
may be suited for sediments in the deeper parts of the oceanic floor, 
farthest from the continent. 

Distance from the shore serves to minimize the effects of the con- 
tinental run-off, in the distribution of uranium, radium, and ionium in 
marine sediments, and accordingly becomes a decisive factor on which 
the suitability of the ionium method depends. 


CONCLUSIONS 


1. Vertical distribution of uranium, radium, isotopes of thorium, 
Fe, Mn, and Ca was investigated in seven cores of marine sediments. 

2. The first data were obtained on the vertical distribution of 
uranium, radium, and isotopes of thorium in sediments of the Indian 
Ocean. 

3. Three distinctive groups of the sediments were recognized by 
the character of the distribution of ionium and radium in the cores: 
coastal, intermediate, and deep-marine—farthest from the coast. 
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4. There is much variation in the ionium content of coastal sedi- 
ments with the depth of the core. There is no radioactive equilibrium 
between ionium and radium. The amounts of ionium and radium are 
far in excess of their equilibrium amounts, as against the amounts of 
uranium present in the samples. 

d. The distribution of ionium and radium in deep-water marine 
sediments indicates the existence of the radioactive equilibrium be- 
tween ionium and radium in all of the cores here examined and at all 


_ points of the experimental comparison. 


6. The forms of occurrence of ionium and thorium in deep-water 
marine sediments are apparently not the same. 

7. There was little change with time in the rate of sedimentation in 
the areas of the oceanic floor represented by cores Nos. 4 and 5. 

8. The concentrations of uranium and thorium in marine sediments 
represented by the cores here examined are constant throughout the 
length of the cores. 

9. A definite relationship between the vertical distribution of Ra 
and Io on one hand and of calcium on the other was observed in several 
cores. 

In conclusion, the authors consider it their pleasant duty to offer 
their profound thanks to P. L. Bezrukov for the samples of the marine 
sediments he had placed at our disposal. 


Received for publication 
July 22, 1957 
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Abstract 


The summary reactivity of the final products of isotope radioactive trans- 
formation more than by 50% exceeds the summary reactivity of the initial iso- 
topes. This excess if chiefly caused by the accumulation of Ca?*° and Sr®” being 
formed at the radioactive transformation in accordance to K*° and Rb®’. 

The free Ca?° and Sr®? atoms, acting on the water must decompose it in lib- 
erating hydrogen. The fact of the occurrence of this process in nature is con- 
firmed by the presence of free hydrogen in deposits of potassium salts, where 
along with the K?° isotope the Rb8’ isotope is found in greater amounts. 

Computations have shown that the hydrogen content of the origin under con- 
sideration in gases of sedimentary rocks must be in the same range as the heli- 
um content, though in some cases there may be divergences. 


As we know, the valence of elements created in radioactive trans- 
formations is different from the valence of their predecessors. 

The sum of the reaction capacities of the end-products of such trans-+ 
formations exceeds the sum of the reaction capacities of the original 
isotopes by more than 50%, as may be seen from the balance sheet of 
the reaction capacities of the isotopes. 

Table 1 shows the content of radioactive isotopes in the earth’s crust 
the kind of their radioactive transformations, and the decay constants, 
according to A. P. Vinogradov [1] and E. K. Gerling [ 3]. The Table 
also shows the calculated amounts of every isotope decayed in 10° years 
as grams and gram-atoms per 1 gram of the earth’s crust materials. 
As shown in Table 1, calculations of the reaction-capacity balance re- 
quire only the data on the first five isotopes, K*°, Rb®™, Th?™, and U?® 
and the data on the remaining isotopes may be disregarded, in view of 
their relatively very small magnitudes. 

According to present-day opinion, 11% of decayed K® is converted 
into A® and the remaining 89% into Ca®. Rb®” is converted into Sr®” 
quantitatively. 

As to Th”, U?®, and U?*—the following relationships proceeding 
from their radioactive transformations appear to be probable in the 
environments of the earth’s crust: 

Th*”O.— Pb”*O + 6He + O 
U0; — Pb™°O.+ 8Hea 0 
U’= O02 — Pb””O+ THe + O 

The balance of the reaction-capacity for these five isotopes per 10° 

years, together with concurrently accumulated products of their decay, 
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is presented in Table 2, 
in accordance with the 
transformations here . 
visualized. It is shown 
by the data in Table 2 
that the reaction- 
capacity of the end- 
products of K®, Rb®” ; 
on. Us and Ul, in 
their radioactive trans- 
formations exceeds the 
reaction-capacity of the 
original isotopes by 
53.1%. 

This excess of the 
reaction-capacity of the 
end-products is due to 
the accumulations of 
Ca™ and Sr™ , both of 
which are active reduc- 
ers. Reducing effects 

_due to the products of the 
radioactive transforma- 
tions of the isotopes 
should be conspicuous 
therefore in the earth’s 
crust. Decomposition of 
water by free atoms of 
Ca™ and Sr®, with the 
consequent formation of 
free hydrogen, is an ex- 
ample of the reducing 
action of the radioactive 
transformations. 

The presence of free 
hydrogen in deposits of 
potassium salts is a 
convincing evidence of 
the effectiveness of this 
process in nature. 

The presence of gas, 
including hydrogen, in 
potassium salts was 
studied in the Stassfurt 
(Germany) and in the 
Upper-Kama potash de- 
posits. The findings 
were confirmed by A.A. 
Cherepennikov and co- 


Table 1. Characteristics of the Disintegration of Radioactive Isotopes of the Earth’s Crust 
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Table 2. Reaction-Capacity of Isotopes Decayed and Formed 
per 1 Gram of Earth’s Crust per 10° Years 


Decayed Formed 
Isotope Gram -Equivalents Isotope Gram -Equivalents 

Keo 5.45 x 10°° Ar® 0 

ae Ca® 9.80 x 10°° 

Rb™ 1.05 x 10 sr” 2.10 x 1078 
LS He* 0 

Th® 1.12 x 10 Pb? 0.56 x 107° 
8 He* 0 

us Ga eae Pb26 0.36 x 1078 
He* 0 

u2% 0.052 x 107° Pb?” 0.02 x 107° 
He* 0 

Total 8.40 x 10°° Total 12.84 x 107° 


The ratio of reaction-capacity of “formed” to “decayed”: 
12.84 x10 ® 


workers in the Solikamsk Mine, Upper-Kama [4, 5] and by Z. N. 
Nesmelova in the Bereznikovsaya Mine inthe same district [6]. 

The red color of carnallites and sylvinites in the district is due to 
dispersed iron oxides amounting to 0.07 - 0.33%, according to E. E. | 
Razumovskaya [8]. The red color of the Stassfurt carnallites is due to . 
the same cause. 

The salt beds have been subjected to severe deformations. It is be- | 
lieved that the B, V, and G beds are products of a recrystallization of 
carnallites under the influence of a dynamo-metamorphism. 

Gas-filled bubbles and vacuoles are common in carnallite and sylvite 
Extremely small bubbles are particularly abundant in the milky-white 
sylvinite. 

It should be noted that yellow and brown colors of some carnallite 
grains may be explained by the presence of some gas, as solid solution, | 
according to E. E. Razumovskaya [ 8], inasmuch as no iron could be de- | 
tected in such grains and the recrystallized carnallite, derived from thé 
colored grains, was colorless. 

Eruptions of gas containing hydrogen were noted already in the ex- 
ploratory boreholes by which the Verkhnekamsk potash beds were first | 
exposed. After the exploitation of this deposit was begun, the composi-| 
tion of gas evolving in boreholes and in spurs* cutting the salt beds | 


*Rus. “‘shpur’’ is German ‘“Spur’’, an inclined borehole. VPS 
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directly from the mining workings* of the Solikamsk Mine, was studied 
by A. A. Cherepennikov and his co-workers. They found 30 to 50% hy- 
drogen, and more, in the gas from boreholes and spurs passing through 
carnallite. The gas from boreholes and spurs through mottled sylvite 
does not alwayst contain hydrogen and, moreover, the hydrogen- 
bearing gas is found characteristically only in the top parts of the salt 
beds. There is no hydrogen in the gas from boreholes and spurs through 
banded and red sylvinite. 

A. A. Cherepennikov and co-workers studied also the composition 
and the amounts of gas locked directly in the salts. The gas was ex- 
tracted by dissolving the salts in water [4]. Table 3, based on A. A. 
Cherepennikov’s data, shows the amounts of the individual components 
of the gas extracted from the salts. The results presented in this 
Table are to the effect that hydrogen is found not only in the gas ex- 
tracted from carnallite but also in the gas from sylvinite. Consequently, 
there are striking differences, in the case of sylvinites, in the hydrogen 
content of the gas evolving in boreholes and spurs and the gas extracted 
from the very same salts by water. 

The same differences between the gas evolving in boreholes and 
spurs and the gas in the micro-inclusions in the salts extractable by 
water were observed also by Z. N. Nesmelova [6] in the salt beds of 
the Bereznikovskaya Mine. Composition of these gases is reported in 
Table 4. 

The volume of hydrogen per 1 kg of potassium salts, carnallites as 
well as sylvinites, is approximately 2 cm*, as reported in Table 3. 
Somewhat smaller amounts of hydrogen were found by A. A. Cherepen- 
nikov [4]: the average Hz - 1.7 cm? per 1 kg of carnallite and 0.7 cm? 
per 1 kg of sylvite. The markedly lower hydrogen content of sylvinites, 
in this particular case, may be explained as due to the inclusion of 
many gas analyses of hydrogen-free salts among the tabulated results. 

The foregoing data show that the average hydrogen in carnallite and 
sylvite is close to 2cm®* per 1 kg of the salts. 

The following hypotheses were advanced, as explanations of the 

‘presence of hydrogen in potassium salts. 

_ Prekht [ 8] supposes that iron, as douglasite, 2KC1- FeCl, -2H2O, was 
an original constituent of carnallite. The ferrous iron was subsequently 
oxydized, in the presence of the water of crystallization: 6FeCl, + 
3H2O = 4FeCl; + Fe2O3 + 3Hp. 

The average amounts of iron oxide in the Verkhnekamsk carnallite 
‘are calculated as 2g Fe2,0O; per 1 kg carnallite, with the total hydrogen 
calculated as 855 cm® per 1 kg carnallite, on the basis of the assumed 
transformation of FeCl. 


*“Gornye vyrabotki’’ - pits, trenches, etc. VPS 
fMisprint in the original, ‘‘no vsegda’’, instead of ‘‘ne vsegda’’ (“‘but always’’ 
instead of ‘‘not always’’). VPS 
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Table 3. Composition of Gas Extracted from Potassium Salts, Solikamsk Mine 


Extracted, cm®* gas per 1 kg of K salts 


Co He st 
higher Neo + 
Wt. of salt hydro- rare 
sample, kg Total CH, carbons’ Hoe gases 
Carnaitite 
Bed G, Borehole 268 15 V2 0.5 0.05 2.6 3.8 
Bed V, Horizon 6, top 21 11951 1.0 1.9 2.0 10.2 
Bed V, Horizon, middle 17 4.8 0.2 0.04 Let 2.0 
Bed V, Horizon, bottom 18 14.1 0.7 0.2 4.4 tas 
Bed V, Horizon 4 12.3 10.2 1.6 0.09 2.4 4.3 
Bed V, Horizon 2 1272 12.9 0.9 0.3 4.2 Dag 
Bed V, Horizon 1 17 28.6 0.5 0.5 - 3.0 
Average IBLE, 0.82 0.43 2.4 5.3 
Mottled Sylvinite 
Bed V, Horizon 6 3.0 142 6.7 1.4 Om 126 
Bed V, Horizon 5 4.5 120 xd 1.6 - 108 
Bed V, Horizon 2 2.4 135 4.5 1.5 3.6 124 
Bed V, Horizon 1 8.6 90 7a) 1.4 53! 718 
Bed V1, H 7.4 56.3 355) 1.0 123 48 
Average 109 5.0 1.4 1.4 97 
Banded Sylvinite 
Bed A, top; chamber 17 8.1 46 2.2 eS 0.6 40.3 
Bed A, top; chamber 108 Nit 66.7 6.2 tas) Sal 50.8 
Bed A, bottom; chamber 17 983 52.0 5.0 0.8 13 42.5 
Bed A, bottom; chamber 108 £252 41.0 2.3 GH) Be! 29.8 
Bed A, chamber 31 10.0 54.3 6.2 1.9 - 41.4 
Average 52 4.4 125 2.0 41.0 
Red Sylvinite 
Bed I 12.7 39.6 2.8 1.3 2.9 32.1 
Bed II 18.6 14.5 0.7 0.6 2.5 10.5 
Bed III 10.2 21.6 1.6 0.3 2.0 22.6 
Average PAS 7 ee OM 2.5 21nd 
Sylvinite bed average - - - Leo - 


—— 


Erdman [8]* performed many experiments with heating of ferrous 
chloride together with water and carnallite but was not able to observe 
any formation of Fe.0O3 and free hydrogen. Taking into account the 
presence of up to 0.17% He in the free gas of Stassfurt potassium salts, 
Erdman suggested that, as a consequence of a radioactive decay of 


*This and other citations under [8] refer probably to articles by authors other 


than Razumovskaya [8] in the same issue of the publication which is probably of 
the ‘‘Collected Papers” type. VPS 
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some element accompanied by the 
formation of helium, a decomposition 
of water into hydrogen and oxygen 
also taking place and that hydrogen 
remained as a free gas while oxygen 
was used up in the oxidation of fer- 
rous to ferric iron. 

Yu. V. Morachevskii and A. A. 
Cherepennikov [5] believe that the 
hydrogen and the hydrocarbon gases 
in potassium salts had originated 
from organic residues in the basin 
where the salts-were being deposited 
and that these gases were captured 
_by the crystallizing salts. A part of 
the captured gases was liberated at 
some later time and accumulations 
of the free gases were developed 
accordingly. 

All of the enumerated hypotheses 
are essentially unfounded. 

: There is no doubt whatsoever, on 

the other hand, that free hydrogen 
must be produced in deposits of 
potassium salts as the result of the 
decomposition of water by calcium 
and strontium formed in the radio- 
active transformations of potassium 
and rubidium respectively. 

It is possible to represent the 
relationships of the participating 
substances as follows: 


100K“ Cl 50Ca“Cl, + 
39Ca*?' + 11A” 
39Ca®” + 78H,O = 39Ca™(OH)2 + 
39H. 
IRb” Cl— Sr’ Cl, + Sr®*” 
Sr®” + H,O = Sr®*’(OH)2 + He 


Sylvite contains 52.4% K and car- 
nallite 14.1% K, as we know. 

According to the available data 
[7], the average content of rubidium 


Per Cent by Volume 


Table 4. Average Composition of Gases in Potassium Salts from Bereznikovskii Mine. 
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in carnallite is 0.02% and the average rubidium in sylvite is smaller by 
one order of magnitude. i 

The age of the Verkhnekamsk salt beds is approximately 200 million 
years. Taking into account this period of time and the radioactive 
transformations of K® and Rb”, the amounts of argon and free hydrogen 
formed in the processes are as follows: 


Per 1 kg of sylvite: 


AO? uncees 0.42 cm* 
40 
from KU oy, coe 1.50 cm® 
Per 1 kg of carnaliite: 
vlc ee 0.113 cm 
from K Hy --see 0.395 cm 
from Rb Hg ------ 0.015 cm* 
Total He 0.410 cm* 


There is a certain discrepancy between the calculated quantity of 
hydrogen per 1 kg of potassium salts and the empirical results. Thus 
there should be more hydrogen in sylvinite than in carnallite, according 
to our calculations, while in reality the reverse is the case. There is 
also a discrepancy between the calculated and the observed total 
amounts of hydrogen. These discrepancies are not highly important, 
however. 

They may be explained by a redistribution of hydrogen between the 
salts, and possibly in part by analytical errors. 

It is possible also that less than 50 out of 89 atoms of Ca® are com- 
bined with the chloride. If we assume that all of the radiogenically 
produced Ca®™ reacts with water, the calculated amounts of the resulting 
hydrogen must be multiplied by 2.28. If so, the empirically established 
hydrogen content of the Solikamsk potassium salts will come closer to 
the calculated magnitude. The liberated chlorine, in this particular 
case, may replace from their compounds bromine and iodine, whose 
presence was already established in the potassium salts here dis- 
cussed [5]. It is possible that the peculiar colors of carnallite grains 
previously noted may be due to the liberated bromine and iodine. 

The fact that the gas evolved from sylvinites contains no hydrogen, 
while the gas extracted from sylvinites by water contains appreciable 
proportions of hydrogen, may be easily accounted for by a reference to 
our suggestions regarding the origins of hydrogen in potassium salts. 
The cause of this phenomenon is to be found probably in the fact that, 
inasmuch as Sylvinite is anhydrous, the decay of its K™ does not result 
in the formation of hydrogen and its radiogenically formed Ca” remains 


free. When sylvinite is dissolved in water, free hydrogen is produced 
in the reaction between Ca® and HO 


The presence of free calcium in sylvinites offers a possible explana- 
tion also of the blue color of halite crystals. We know that these halite 
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crystals are in contact with sylvinite. One may assume that free cal- 
cium may rob NaCl of some of its chloride, whereupon the liberated 
sodium may render the halite crystals blue. 

Data on the presence of gas in the Verkhekamsk deposit indicate that 
the presence of free hydrogen in these salts may be explained most 
convincingly by the decomposition of water, in its reaction with the Ca” 
and Sr*” isotopes which are the products of the radioactive transforma- 
tions of K* and Rb” isotopes respectively. 

Table 5 shows the amounts of He and A forming in rocks of the 
earth’s crust through the radioactive decay of Th?” , U?*, U?®, and K® 
The amounts of free Hz and O2 that may be formed in the radioactive 
transformations of the same isotopes and from Rb™ are also shown in 
the same Table, on the assumption that only 39 out of 89 atoms of Ca” 
produced in the transformations of K* are reacting with water. 

The amounts of hydrogen that may be formed in the rocks of the 
earth’s crust, in consequence of the radioactive transformations of K” 
and Rb*”, are relatively small, as may be seen in Table D, even in the 
course of a very long geologic time. However, if we take into account 
large volumes of the rocks, the amounts of hydrogen of radioactive 
origin may attain substantial magnitudes. For example, approximately 
1.5 x 10° cubic meters of Hz may be formed per 1 cubic kilometer of 
rock per 10° years and about 5 x 10° cubic meters per 1 cubic kilometer 
per 2 x 10° years. 

The amounts of K, Rb, Th, and U in sedimentary rocks (clays and 
shales) are 2.28, 4 x 1077, 1.1 x 107%, and 3.2 x 107*% respectively, on 
the average [2]. It has been calculated that the amounts of He and A 
forming in such rocks and the amounts of free Hz and O, that may be 
forming there, by the considerations here discussed, may not be sig- 
nificantly different from their amounts estimated in the rocks of the 
earth’s crust. 

Both He and Hz should be released by mineral particles of sedi- 
mentary rocks to the pore space of these rocks with about the same 
degree of facility, as one may well imagine. The volume of Hz; in the 
pore space, moreover, cannot exceed the volume of He released to the 
same space, as is evident from the results in Table 5. Inasmuch as the 
helium content of natural gases is rarely higher than 1% and is gener- 
ally only hundredths or tenths of one per cent, on account of the fore- 
going considerations, the hydrogen content of these gases, originated in 
the processes here discussed, may be expected to be also within the 
same limits, although there may be departures from these magnitudes, 
in some isolated cases. 
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Table 5 


Possible Maximum of Ar and Hz in Consequence of Radioactive Decay 
of K® and Rb” Cubic Centimeters of Gas per 1 Kilogram of 
Earth’s Crust 


Time for Hz from: 
accumulation, A pom - Rb” mie 
years K fo) 
5 x 107 Helge On 183501084 0.55 x 10°? 2.38 x 107” 
i 10° 103561 0—- S57 Oat Oma 1.11 x 107? 4.81 x 107? 
2x 10° 2 iiexcLOn- 7.55 x 107? 2.19 x 107? 9.74 x10 
3 x10° 3.27 x 107? 0.116 3.32 410s 0.149 
4x 10° 4.49 x 107? 0.161 4.42 x10? 0.205 
5 x 10° Baoan Ome 0.205 5.62 107? 0.261 
1 x 10° 0.134 0.477 0.117 0.594 
2x 10° 0.366 1232 0.237 1.55 
3x 10° 0.765 2.72 0.358 3.08 


Possible Maximum of He in Consequence of Radioactive Decay of Th’™, 
u?** | and U?**. Cubic Centimeters of Gas per 1 Kilogram of 


Earth’s Crust 


Time for 


accumulation, 


years 


5 x 10° 
1 x 10° 
2 x 10° 
3105 
4x 10° 
5 x 10° 
1x 10° 
2x 10° 
3 x 10° 


Whee 


1.87 x 107? 
S766 10ne 
7.50 x 107? 
0.113 
0.150 
0.187 
0.376 
0.780 

1n25 


He from: 

(oe Ue 
1.50 x 107? 0.62 x 107° 
3.00 x 107? 1537 Sc10gs 
6.02 x 107? oa Ome 
9.12 x 107? Abe sclOn 
0.124 6.0 x107° 
0.155 79 <110n° 
0.325 0.021 
0.704 0.070 
1.16 0.220 


Total 


3:43 x10% 
6.87 x 107? 
0.138 
0.209 
0.280 
0.350 
0.721 

1.55 

2.61 


Possible Maximum of Oz in Consequence of Radioactive Decay of Th” , 
U'™ , and U’™. Cubic Centimeters of Gas per 1 Kilogram of 


Earth’s Crust 


Time for 

accumulation, os 

years The Uae Uses Total 
: x a 1.56 x 10" 0.94 x 1073 4.43 x 10° 0.25 x 107? 
: au ae x 10~° 1.87 x 107° 0.09 x 107° 0.51 x 107? 
ae : ze x 10-° 3.76 x 107° 0.19 x 107° 1.02 x 107? 
shea ee x 107 5.70 x 10°* 0.32 x 1073 1.54 x 107? 
meee rie x 10° 7.715 x 107° 0.43 x 1073 2.07 x 107? 
jocret pe x 10°* 9.70 x AUS 0.56 x 1073 2.59 x 107? 
ae aes 10 2.03 x10 0.15 x 107? 5.31 x 107? 
aia e. 0.044 0.005 0.114 

.103 0.103 0.016 0.181 
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Abstract 


By means of investigation it has been established that the structure of the 
CaF, type is the only crystalline form in which uranium oxides occur in natural 
conditions. As the tetravalent uranium oxide is oxidizing into a hexavalent, the 
size of the elementary cell of the oxide is changing. The character of depend- 
ence of the elementary oxide cell on the degree of its oxidation state, expressed 
by the value of the hydrogen coefficient X has been shown. It has been ascer- 
tained that the chief reason for the diffusivity of the diffraction lines of the x-ray 
patterns of highly oxidized uranium pitchblendes and uranium sooty pitchblende 
is the high degree of their dispersivity which increases as the mineral is further 
naturally oxidized. The study of these transformations which the natural urani- 
um oxides are undergoing in the process of their oxidation and ignition in the air, 
has shown that their initial crystalline structure is more stable than the struc- 
ture of the synthesized uranium oxides and that the course of phase transforma- 
tions differs from the course of the latter. Among the ignition products of the 
mineral uranium oxides a new phase, named the phase Y, has been detected. 


1. VARIATIONS IN SIZE OF UNIT CELL IN NATURAL 
OXIDES OF URANIUM 


Three morphologic varieties of uranium oxides are found in natural 
environments: definitely crystalline uraninite; crypto-crystalline collo- 
morphic pitchblende; powdery sooty uranium black [ 2, 4, 18, 21]. The 
composition of uranium oxides is changing, in time, in the direction 
governed by the radioactive decay of uranium, with the result that lead 
of radiogenic origin makes its appearance in natural uranium oxides, 
and in the direction conducive to the oxidation of tetravalent uranium 
to its hexavalent state. The composition of natural uranium oxides, as 
a whole, is commonly expressed by the formula: (U,Th)O2-mUO;- nPbO 
The UOs: UOz ratio in the oxide of uranium indicates the state of its 
oxidation which is generally expressed as a magnitude “x”, the oxygen 
coefficient. The oxygen coefficient shows the number of oxygen atoms 
for each atom of uranium in the given sample of the oxide [5]. The 
magnitude of “x” is found from the analytical chemical data on UO, and 
UO;* in the sample. No mineral corresponding to the formula UO, has 


«Ind ae 
ndependent determinations of UO, and UO, by chemical methods are made 


Set yale by the presence of elements that may have more than one valence (Fe 
n, V, etc.) and of organic matter in the sample. : 
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been found in nature. Uranium in its minerals is always more or less 
oxidized. 

Gradual changes in composition and properties of uranium oxides 
undergoing oxidation were observed by Ellsworth [10] in a crystal of 
uraninite with a clearly defined zonal structure, in consequence of the 
Oxidation taking its course from the periphery toward the center of the 
crystal. Depending on the oxidation, there are changes in color, hard- 
ness, specific gravity, and chemical composition of the mineral: an 
increase in U°* and a decrease in U**, together with a decrease in the 
total U anda relative increase in Th and in the rare earth elements. 
According to Ellsworth, the UO3;:UO, ratio provides exact information 
regarding the degree of the decay (alteration) of the mineral. 

A question presents itself: what are the crystal-chemical changes in 
the natural uranium oxides with time? The earliest crystal-chemical 
study of uranium oxides was the research by Goldschmidt and Thomas- 
sen [12] who showed that uraninite has a structure of the fluorspar type 
(Fig. 1): a cube, with uranium atoms at the centers of its faces and at 
the corners and with oxygen atoms at the center of every octahedron. 
Length of the side of the cube: 5.46 A. The same investigators ex- 
pressed a view, to the effect that “natural uraninite, containing much 
UO3, on account of oxidation, is apparently identical in its structure 
with uranium dioxide, UO2”. Subsequent studies by Arnott [6] demon- 
strated that the length of the side of the cube is not constant, nor is the 
size of the unit cell of uraninite or pitchblende. The same phenomenon 
was noted by Brooker and Nuffield [18] for Canadian pitchblende. They 
also called attention to differences in the character of x-ray patterns of 
the pitchblende,- without determining the reason of this phenomenon, 
however. 

Wasserstein [ 23, 24] sees the fundamental cause of the variations in 
the size of the unit cell of uranium oxides in the different proportions of 
radiogenic lead contained therein, as such lead persists in the crystal 
structure of the oxide, where it replaces tetravalent uranium, with the 
resulting change in the a,, the unit cell, by 0.0035 A per 100 million years, 
which fact, according to this author, offers a possibility of determining 
the age of the mineral by its a,. However, this thesis is controversial 
[15, 17]. On the one hand, there is an opinion to the effect that radio- 
genic lead does not enter the structure but is distributed at the bound- 
aries of the blocks; on the other hand, even on the assumption that all 
of the radiogenic lead is indeed in the crystal structure, the replace- 
ment of U** by Pb is overbalanced by the replacement of tetravalent 
uranium by thorium, the rare earths, and the hexavalent uranium de- 
rived from tetravelent uranium by oxidation. 

The present investigation was carried out with natural uranium 
oxides from several domestic and foreign deposits of different origins. 
Since most of our test materials are found in nature as polycrystals or 
as fragments of monocrystals (in the case of uraninites), the x-ray 
analysis had to be performed by the Debye-Scherrer method. The 
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diffraction patterns were obtained at 
different radiations, with the BCV 
tubes (chromium, copper, iron) under 
the following standard conditions: 25, 
34, 45, kv and 8, 10, 16 m.a. respec - 
tively, in cameras with the diameter 
of 57.6, 86.0, and 114.0 mm respec - 
tively. The reflection angles were 
corrected by means of the simul- 
taneous recording with the standard 
rock salt (a, = 5.6285 &). 

It was shown even by a preliminary 
examination of the x-ray patterns of 
natural uranium oxides that most of 
them have a structure of the CaF2 
type and that the diffraction patterns 
are not the same for different oxides. 


Comparisons of the patterns with the Fig. 1. Crystal structure of 
degree of oxidation of the minerals uranium dioxide. Black circles 
enabled us to draw the following con- =~ ¥ranium; white circles - 
clusion: the greater the degree of ORES 


oxidation of the pitchblende—the more 

diffuse are the diffraction lines of its 

pattern. It is possible to distinguish four types of patterns: the first 
one has characteristically sharp lines at all reflection angles. This 
first type is produced by uraninites. The second type yields sharp re- 
flections at small angles (theta up to 45°) and broad ones at larger 
theta. Patterns of this type are produced by weakly or moderately 
oxidized pitchblende. The third type is a diffuse diffraction pattern at 
any angle. It is produced by strongly oxidized pitchblende. The fourth 
type—broad rings against a strong background—is given by the uranium 
black. The latter material is often indicated as amorphous, in the 
X-ray patterns. 

If the degree of oxidation of natural uranium oxides is characterized 
by the magnitude of “x”, the oxygen coefficient, it may be said that the 
first two types of the patterns are produced by the oxides whose “x” is 
2.5 or lower. The remaining two types are the oxides whose “x” is 
higher than 2.5. Experience shows that the best X-ray patterns of the 
oxides were produced with copper radiation. Patterns so obtained mad 
it possible qualitatively to appraise the degree of oxidation of a natural 
uranium Oxide. There is no clear-cut boundary between the types of 
patterns, of course, even as there is no such boundary between natural 
uranium oxides whose composition embraces the whole gamut of the 
UOs: UOz ratios, i.e. whose “x” ranges from two to three. The x-ray 


powder photograph : ; 
Figure a graphs of all four types (the oxide group) are presented in 
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Table 1. Spectrographic Analysis of Uraninites 


Sample] More than ca. 0.001% 
No. 1% 
Al, Mg, Ca Ni, Co, Mo, Cu, Bi? 
Mn, P Sb 
2 U, Pb, Si, Ca, Na Al, Mg, P, Ni, Co, Agtichas |i =—-—— 
Fe Mn, Cu 
3 U, Pb Ca Si, Al, Mg, Fe, Mn, Cu, Sc Ag 
SG Wop, INE) 
4 UeeP big sea == AMY ED Si, Mg, Fe Mn, Cu 
b) U, Pb, Si, Ca, Na Al, Mn, P Ni, V, Mo, Cu, Ag 
Fe, Mg Sb 
6 U, Pb Th YoYbe | 0  ==5-- S92 eiee----— 
a U, Pb, Fe | Si, Mg, Al, Zn, Sn AM AZAe Cu, Ag, Bi 
Ca, Mn 
8 U, Po | ------ Si, Al, Fe, Mg, Ca, Mn, Cu, Ag 
ANN NGs, As) Bi 
9 U Ca, Cu; Si, Al, Fe, Mg, Mn, Ag Sn 
Pb, Na eeYD 


We know from the studies of synthetic uranium oxides that within the 
UO;.75 to UOz.509 composition range a crystal structure of the CaF, type 
is characteristic of the oxides and that the size of the unit cell becomes 
smaller, depending on the oxidation of tetravalent uranium to hexavalent 
uranium. We know also that the dimensions of the unit cell of natural 
uranium oxides are not constant [1, 3, 13, 14, 16]. It is natural there- 
fore to relate the unit cell sizes to the degree of oxidation for the 


natural uranium oxides. Comparisons of this type were undertaken in 
the present study. 


Table 2. Microchemical Analysis of Uraninites 


os UO2, % UOs, % ThO,, % PbO, % 
1 32.23 18.19 =< very high 
2 34.32 19.69 -- very high 
3 39.79 26.00 ~— 17.38 
4 41.78 28.92 -- 20.28 
3) 28.73 24.91 =- very high 
6 42.64 37.83 present 19.53 
i 32.04 ole -- 18.64 
8 37.80 37.46 1o2 19.05 
9 27.07 35.32 =~ high 
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The objects of our study were specimens of uraninite, pitchblende, 
and uranium black. Spectrographic and microchemical determinations 
of their principal constituents are reported in Tables 1, 2, 3, and 4. 
Their mineralographic examinations (in polished sections) showed 
inclusions of pyrite, galena, chalcopyrite, and some other sulfides. 
These specimens were selected chiefly from samples which were ana- 
lyzed chemically and by x-rays, so that the x-ray patterns showed only 
the oxides of uranium in the samples. 

Size of the unit cell, a), for all of the natural uranium oxides was in- 
vestigated in the present study. Table 5 is a comparison of the oxygen 
coefficients of the uraninites with the size of their unit cell. The oxygen 
coefficient, “x”, was calculated from the chemical analysis. 

A phenomenon analogous to the previously noted phenomenon, in the 
case of synthetic materials, may be now Seen in the uraninites, as is 


Table 3. Spectrographic Analysis of Pitchblende (Groups 2 & 3) 


Sample} More than ca. 1% ca. 0.1% * ca. 0.001%, 
No. 1% 
10 U, Al Cayisi, Na, | Co, Py rl,.Cu, Ben Ys ey) Min; See 
Pb, Mg, Ba} As, Zn, Ni Bi, Sb, Ag 
11 U, Pb, ~~ | ---=--- S17, Si, Al, Ca | Na, Fe = 
12 U, Pb Si, Al, Ca, | Mg, V, W, As, Mo, Cu, Ag, Sb, Ge? 
Fe, Bi, Mn | Na Sn, Be 
13 U, Pb Si Mn, Co, Cd, As, V, Cs, Cu, Sn, Be, 
W, Sb, Tl, Zn Y, Yb, Ag Ga, Ge 
14 U, Ca Si, Al, Mg | Fe, Ti Mn, V, Zr, Pb, Cu 
Na 
15 | U, Po | ------ Si, Ca Al, Fe ---- 
16 Al, Ag, Sb, | Si, Mg, Mn V, Mo, W, Cu, Ni, Bi 
Na Y 
ed, Ca, Sb, As,} Al, Mn, Mo Si, Mg, Fe, Zn Cu, Ge 
Na 
18 Al, Si, Mg, | Fe, Cu, Sb, CaaMns Li. Zr. Ni 
Pb, As Bi Ag, Y, Yb 
19 Pb, Si AL Cas Vv. Mg, Fe, Mn, Y Cu, Ag, Be 
Bi, As 
20 Ca, Zn, Si | Al, Be, Mn Mg Cu, Ge, Pb? 
21 Si Al, Ca, As Pb, Be, Y, Yb Fe, Mn 
22 Si, Zn, Be | Al, Mn, Sb Mg, Fe, Cu Pb? 
23 Ca Si, Al, As, Mg, Fe, Pb, Mn, | Ni, Ti, Cu 
Sc NG 345) 


* «0.01” in the original; a misprint. VPS 
+ “S1” - a misprint for Se? Sc? Sb? VPS 
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illustrated by the Table 4 
foregoing compar- Microchemical Analysis of Pitchblende (Groups 2 & 3) 


ison: a decrease 
in the size of the 


nee LEE 


Sample 


unit cell, depending Nar UO2, % UOs, % PbO, % 
on the extent of the “ee eee 
oxidation of tetra- Group 2 

; 9 17.00 0.63 
valent to hexava- 10 35.1 

k 7 11* 22.57 7.79 6.86 
lent uranium, 1.€., A Soe eke ep 
the fact that urani- 13 55.93 29.00 10.19 
nites, at the higher 14 36.20 27.56 low 
degree of their ox- 15 38.67 28.03 me 
idation, have a 16 42.19 33:15 18 

Seer ea ean 17 43.46 47.63 very high 

Pine 18 32.10 44,30 none 


without any change 
in its symmetry. Group 3 


; 19 34.91 38.58 high 
In contrast with 20 32.03 41.87 none 
synthetic crystals 21 37.43 42.27 0.31 
preserving their 22 28.78 50.29 none 
CaF. type struc- 23 33.00 57.52 low 


ture within a nar- *The low U-content of this sample is explained by an in- 
row range of the sufficiently careful sorting of the test material from the 
oxygen coefficient, ~* admixtures. 


“x” from 2.00 to 

2.25, the natural 

crystals retain this 

structure within a much wider range of the “x”. In the present study, 
we had uraninites whose oxygen coefficient ranged from 2.32 to 2.53, 
with the parallel and gradual decrease of the unit cell from 5.480 to 
5.455 A. Individual samples (Nos. 4 and 8) show certain departures 
from this relationship. However, spectrographic analysis demonstrate 
presence of small amounts of thorium and of the rare earths in such 
samples. As we know, thorium may substitute isomorphously for 
tetravalent uranium. 

Existence of the complete isomorphous series, from UO, to ThO, : 
was proved for synthetic compounds [22]. Sabina and Robinson [ 20] 
demonstrated the existence of different members of this series in 
natural environments, from uraninites to thorianites, in a confirmation 
of natural replacements of uranium by thorium. Inasmuch as the ionic 
radius of thorium is larger than the ionic radius of tetravalent uranium 


Table 5 
a ae eee 
Sample No. 
1 2 3 4 5 6 7 8 9 


ae 2.32 2.36 2.38 2.40 2.45 2.46 2.48 2.48 2.53 
oe 5.480 5.479 5.472 5.460 5.470 5.459 5.458 5.455 9.456 
Ee 
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the replacements of this type cause an increase in the size of the unit 
cell of uraninite. The isostructural relation of UO, and CeO, gives us 
a reason to suppose that the rare earths also may enter the crystal 
structures of uraninite, by way of the isomorphous replacement of tet- 
ravalent uranium. It is this mechanism that is responsible for the 
departures from the norm, in the relationship between the unit cell size 
and the degree of oxidation of uraninite. 

Table 6 is a comparison of the unit cell size with the oxygen coeffi- 
cient for pitchblende in groups 2 and 3, indicating that the relationship 


* 


Table 6 


Group 2 
Sample No. 
10 11 12 13 14 15 16 17 18 


oxy oS ams sil AS) SI ABT IB) GO) OS 
ag A 9.46 5.45 5.43 5.43 5.42 5.42 5.41 5.41 5.41 


Group 3 
Sample No. 
i) 20 21 22 23 


ex? 2.61) 252-2552 2162 2°62 
ao,A 5.39 5.38 5.37 5.37 5.37 


petween these two variables, already observed in uraninite, is apparent 
also in the case of pitchblende. Pitchblende,* as a rule, contains no 
thorium or rare earths, and any departures from the direct relationship 
should be rare accordingly. Such departures could be more easily 
ascribed to errors in chemical analysis to which we had to resort, in 
the absence of a more reliable method, unaffected by the admixtures, of 
appraising the degree of oxidation of uranium. As the “x” varies from 
2.16 to 2.62, the unit cell edge of pitchblende varies from 5.46 to 5.37 A. 

The unit cell size of pitchblende decreases with the transition from 
the less to the more oxidized samples. However, this is not a simple 
2xtension of the relationship observed in uraninites, at the increasing 
“x”, as is evident from the graphical representation of the x = f(a) re- 
lationship shown in the same system of the coordinates. As illustrated 
n Figure 3, we are dealing here with two parallel relationships between 
he unit cell size and the oxygen coefficient. The cause of this phenom- 
2non is hidden probably in the genetic peculiarities of the morphologic 
jariants in question. 


‘This sentence is garbled in the original. VPS 
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The manifested re- 
lationship enables us to 
ascertain the state of 
oxidation of uraninites, 
poor in thorium and in 
rare earths, by the sizes 
of the cube edge of their 
unit cells. This apprais- 
al requires the use of 5 
to 10 mg of the substance. 
Reliability of unit cell 
measurements is not the 


540 545 §50a 
same for uraninite and 
for pitchblende, because 
pitchblende produces Fig. 3. The x = f (a) relationship for urani- 
diffuse lines at large nites (I) and pitchblende (II). 


reflection angles. Ex- 

perience shows that, if 

the magnitude of a, is 

determined with the reliability of 0.001 R (for uraninite), the reliabilit 
of “x” is + 0.02; if the reliability of a, is + 0.005 to 0.01 A (for pitch- 
blende), the accuracy of “x” is + 0.05 of its absolute magnitude, which 
is equivalent to + 2%, absolute, in the separate chemical determination 
of UO, and UO;. Mineralogists may be entirely satisfied by such 
accuracy, especially if only small quantities of the test material are 
available. 

Natural uranium oxide has a crystal structure analogous to syntheti 
uranium dioxide and thus is of the fluorspar type. As the state of oxi- 
dation increases crystallization becomes less perfect. 

The cause of the decrease in the unit cell size of natural uranium 
oxides with oxidation could reasonably be ascribed to the isomorphous 
replacements of tetravalent uranium (ionic radius 0.89 R) by hexavale 
uranium (ionic. radius. believed to be 0.78 2). The resulting increase ij 
the valence of uranium is compensated by the entry of supplementary 
oxygen atoms into the crystal structure, into the octahedral interstice 
of the uranium pocket (i.e. the oxygen atoms are placed in the centers 
of the sides of the unit cube) or into the center of the cell. The latter 
alternative is less probable, however, from the crystal-chemical poin 
of view, inasmuch as, in a case like this, the nearest neighbors of oxy 
gen would be other oxygen atoms. The settling of the supplementary 
oxygen atoms and the row (the side) of the cell, on the other hand, wot 
be in keeping with the CaF, type structures, on the whole (for exampl 
CaF, + YF3). Another consideration in favour of such distribution of 
oxygen atoms is the gradual transition of the isometric into the tetra- 
gonal phase, observed in synthetic uranium oxides, as a possible con- 
sequence of the distribution of the supplementary oxygen atoms not 
only on the horizontal but also on the vertical rows of the unit cube. 
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The penetration of oxygen into the structure does not push the uranium 
atoms apart because the octahedral cavities are already sufficiently 
large (the length of the row of the cube is 5.46 A and the sum of two 
ionic radii of U** is 1.78 ). Consequently, the isomorphous replace- 
ment of U** by (as which may be thought of as governed by the Vegard 
Rule, is really definitive of the unit cell size. The slow oxidation of 
uranium in natural environments does not upset the symmetry of the 
unit cell, as happens in synthetic oxides, and only large proportions of 
mot may disturb the crystal structures, as reflected in the character 
of the lines in the x-ray patterns. 


2. DIFFUSENESS OF DIFFRACTION PATTERNS OF PITCHBLENDE 
AND URANIUM BLACK IN X-RAY POWDER DIAGRAMS 


Strongly oxidized pitchblende and uranium black produce diffuse dif- 
fraction lines in their x-ray powder diagrams, as we stated. This dif- 
fuseness increases for samples with high oxygen coefficients. 

It is known that the diffraction lines are diffuse for highly dispersed 
substances, i.e. where the crystallites are smaller than 0.1 micron, 
and also if the crystal structures of the test material carry strains of 
some other kind, sufficient to affect distances between the parallel 
planes or between some individual planes, in consequence of which 
there are reflections from the planes, within a certain range of the 
angles, whose interplanar distances, d+ Ad, are of similar magni- 
tudes. The mechanism responsible for the broadening of the diffraction 
lines may be surmised on the premises to the effect that the expansion 
caused by the strains of the second kind increase progressively at in- 
creasing reflection angles, proportional to tan @, while the expansion 
which depends on the state of dispersion of the sample is proportional 
to A sec 9, i.e. is determined by the wave length of the x-ray spectrum 
employed in the analysis. 

In order better to understand the diffuseness of the diffraction lines 
of strongly oxidized pitchblende and uranium black, we took x-ray pow- 
Jer patterns of a series of samples at different wave lengths of the 
radiations: chromium, iron, and copper (A 2.287, 1.934, and 1.539 
respectively) at the following routine conditions for the tubes: voltage 
25, 30, and 40 kv; current 8, 10, and 16 m.a. respectively; diameter of 
sameras 57.3 and 86.0 mm; diameter of samples 0.3to 0.4mm. An 
internal standard was used. Broadening of the diffraction lines was 
2stimated with the aid of the Johns nomogram; the x-ray patterns were 
aken microphotometrically, with the MF-4 microphotometer and the 
sstimations were made with the IZA-2 comparator. It was found that 
he diffuseness of the lines depends on the wave length of the radiation 
Fig. 4) and that the relationship between the broadening of the lines 
ind the angle of reflection, B = f(@), may be taken as evidence con- 
irming that the diffuseness of the diffraction lines of strongly oxidized 
xitchblende and uranium black is due to the degree of dispersion of 
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1ese minerals which increases with the degree of their oxidation. 

his conclusion justifies the use of the Seliakov-Bragg Equation in es- 
mations of the size of the crystallites of pitchblende and of uranium 
lack: 


Cx 
€ Xx cos 6 


B= 


here # is the diffraction broadening of the lines in the X-ray pattern, 
, - the wave length of the radiation employed, € - the length of a row 
1 the cubic crystallite, 6 - the angle of reflection, C - constant, 
ssumed to be 1.0 to 0.9. 

The size of crystallites of strongly oxidized pitchblende and _of 
cranium black, at “x” larger than 2.5, is within the 150 to 300 R range. 
he € decreases at increasing magnitudes of the oxygen coefficient, 
ith a concurrent decrease of the size of the unit cell. (A more detailed 
cudy of the dispersion of uranium oxides is to be reported in a separate 
iblication.) 


3. CHARACTER OF PHASE TRANSFORMATIONS OF NATURAL 
URANIUM OXIDES OF IGNITION 


We know from the studies of synthetic and natural uranium oxides 
at synthetic uranium oxides preserve their crystal structure of the 
aF, type within a narrow range of the “x” (1.75 to 2.24); oxidation by 
nition in the air causes a recrystallization of the cubic phase into the 
tragonal, at x = 2.24 and 175°C. The hexagonal oxide, U3;Os, begins 
/be formed at 300°C. Natural uranium oxides preserve their crystal 
ructure of the CaF, type in natural environments within a much wider 
inge of variation of the “x”, practically from 2 to 3; the course of 
<idation is slow in natural environments and the oxidation is likewise 
ynducive to changes in the size of the unit cell, while leaving its sym- 
etry unaffected. Goldschmidt and Thomassen [7], who were the first 
vestigators of uraninite crystal structures, reported that “Ignition in 
e presence of oxygen causes a partial or a complete conversion of 
‘aninite into U;O,, while pure UO, remains unaffected.” This thesis 
d Conybeare and Ferguson [ 6] to their investigations of the ignition 
oducts of pitchblende from Saskatchewan and to their classification 
pitchblende which was based on comparisons of x-ray powder pat- 
rns (more specifically of the phase composition) of the original and 
e ignited samples. According to Conybeare and Ferguson, such com- 
risons may be the means of tentative appraisals of the degree of 
jdation of uranium, in the given pitchblende: 

“1, Crystalline pitchblende; unoxidized; strong UO, pattern, before 
d after ignition. 

2A. Metamict pitchblende; unoxidized; UO, pattern weak before the 
nition; stronger afterwards. 

2B. Metamict pitchblende; partially oxidized; weak UO, pattern be- 
re ignition; moderately strong pattern of UO, and U3;O, afterwards. 
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2C.. Metamict pitchblende; strongly oxidized; weak UO; before igni- 
tion; weak UO, pattern after ignition, together with moderately strong 
U3O0, pattern, 

3. Crystalline pitchblende; strongly oxidized; strong UOz2 pattern 
before ignition; strong U;O, and insignificant UO, after ignition.” 

The authors of the pitchblende classification ascribe the difference: 
in the behavior of pitchblende on ignition to differences in the oxygen 
content of pitchblende of different kinds, since oxygen “reacts chemi- 
cally with uranium, on ignition”, on their assumption that oxygen of th 
air is neutral. Some other investigators see the cause of the differ- 
ences in question among the mechanical admixtures of other minerals 
in the pitchblende. However, before we may talk about the causes of 
different behavior of natural uranium oxides on ignition, we must lear 
experimentally the details of the phase transformations suffered by 
natural oxides of uranium on ignition. Investigations presently to be 
discussed were carried out by the groups: uraninites; pitchblende; 
uranium black. The test materials were the samples whose spectro- 
graphic and chemical analyses were reported earlier in this article 
(with regard to their principal constituents). 

The artificial oxidation of the samples was carried out in a muffle 
furnace and in open porcelain crucibles. The temperature routine wa 
regulated by the mercury thermostats of the muffle. Moreover, the 
temperature inside the muffle was controlled by a millivoltmeter with 
a platinum-palladium thermocouple, with the reliability of + 5°C. 3 t 
5. mg aliquots of the samples were pulverized in an agate mortar, ig- 
nited for 30 minutes, at a definite temperature, whereupon they were 
re-ground in the mortar and were readied for the x-ray analysis, by 
having their powder pasted onto a glass thread, 0.25 to 0.30 mm in 
diameter, with the aid of the tzapon-lac. Individual portions of every 
mineral were ignited at 50°C intervals, i.e. at 300, 350, 400, 450°C, 
etc., within the 300 to 1000°C temperature range. X-ray patterns of 
the ignition products were taken, using unfiltered copper radiations a 
45kv, and 16 m.a. current, in cameras with 57.3 mm diameter (RKD). 
The ignition products were identified by the standard X-ray powder 
patterns. Whenever there was evidence of a new phase in crystal 
structures, such phase was re-photographed with large-diameter can 
eras (86.0 or 114mm). Additional recordings of the new phase were 
made with the use of the internal standard (NaCl), so as to obtain cor 
rected values for the interplanar distances. We were aware of the fa 
that, in the analysis of the ignition products, a recrystallized phase 
may be detected by the x-ray powder method only if its crystallites a 
tae ae micron in diameter and when they constitute 5 to 10' 
fetutious Baie volume, i.e. that there is a delay in recording trans 

e phases by the method here employed. Ignition curv 


for natural uranium oxides were recorded by the F. V. Syromiatniko 
pyrograph. 
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RESULTS 


Table 7 is a generalized record of the phase transformations in 
raninites during ignition. 

It follows from Table 7 that: 1) The crystal structure of the CaF, 
ype, inherent in all uraninites, in their natural environments, is re- 
ained by them up to 500 to 550°C; there is a general weakening of the 
iffraction pattern and an intensification of the background at tempera- 
ures exceeding this threshold; this is indicative of a partial destruc- 
ion of the crystal structure, although a complete transition into the 
morphous state is not observed. 2) A new phase, designated here as 
', is formed at 550 to 600°C; this new phase is retained by most uran- 
nites on ignition up to 1000°C (this phase is described later). 

) Strongly oxidized uraninites pass through phase X before they enter 
hase Y, which was observed by Brooker and Nuffield [8], in their 
tudies of ignited pitchblende from Canada. The Y phase was formed 

t 800 C, in that particular case. 4) Formation of the hexagonal phase 
Jz0g was observed only in two instances. This phase originates at 600 
0 700°C; it co-exists with phase X, for some time, becoming independ- 
nt only at 800 to 1000°C. Phase X is not found together with phase Y. 


Table 7.* Characteristics of Phases Developed in Ignition of Uraninites 


Key: C - cubic phase; CaF, type structure. ral - the same phase 
but with diffuse diffraction lines; Y - the Y phase (see below); 
X - the X phase of Brooker and Nuffield [8]; H - the hexagonal 


phase U3Og. 
BY; We 
2.48 
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* The Cyrillic letters in the Key including Y and X which are used as 
Latin Y and X, are transliterated here as follows: 
Kas C; Fas H; X as X; 
Aasd; Yas Y; @asf. VPS 


+“Cd” does not appear in the original Key but is shown in the original 
Table; “Cf” is explained in the Key but is not used in the Table. The 
two mean probably the same thing. VPS 
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Temperatures of transition of one phase into another and the charac 
ter of the phase transformations in uraninites, on the whole, are not 
related either to the degree of their oxidation or to their composition 
or to the size of their unit cell. 

It was observed that the size of the unit cell of the cubic phase is 
diminished by ignition in open air. There is no such diminution on ig- 
nition in hydrogen; this casts a doubt on the thesis of Conybeare and 
Ferguson [ 9] to the effect that the phase transformations in natural 
uranium oxides, on ignition, are due to the interaction between u** anc 
the excess of oxygen contained in the oxide structures. 

Thermal analysis of three samples, by the Syromyatnikov pyrograp. 
were performed in parallel with the x-ray studies of the phase trans- 
formations in uraninites. The thermograms are shown in Figure 5. A 
of them are characterized by a single exothermal effect at 325 to 350° 
Referring our thermograms to the results of the x-ray analysis, we 
may draw the following conclusions: 1) The smooth endothermal effect 
is related to a partial destruction of the uraninite crystal structure 
through oxidation of u** to US* which is expressed as an intensificatic 
of the background and of the diffuseness of the diffraction pattern in th 
x-ray diagram. 2) The exothermal peak (325 to 350°) is associated 
with the formation of a new phase, Y or X. Inasmuch as there is a del 
in the x-ray recording of this new phase, we refer this event to the 50! 


Fig. 5. Thermograms of uraninites (Syromyatnikov pyrograph). 
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» 550°C range. 3) The fluctuations in the thermogram at temperatures 
o0ve 350°C may be treated as a super-imposition of the recrystalli- 
ation effects, because neither the Y nor the H phase remain constant 

n subsequent ignition (see below). 


PITCHBLENDE 


Behavior of pitchblende on ignition is more uniform than the be- 
avior of uraninites and is rather different. The cubic phase of the 
aF.- type structure is retained up to 500 to 700°C by weakly and 
oderately oxidized pitchblende but only to 400 to 500°C by strongly 
xidized ones. The hexagonal phase U3;O, originates abruptly at these 
‘mperatures and it co-exists at first with the cubic phase. The tem- 
erature of the formation of the hexagonal phase is inversely propor- 
onal to the oxygen coefficient (“x”) of the original pitchblende: the 
reater the “x” - the lower is the temperature of the origin of U3;Og3. 
he hexagonal phase at its inception is characterized by one single 
large” unit cell, according to Milne [19]; a smaller unit cell is de- 
2loped in all pitchblende at 700°C; both phases remain co-existent 
‘om then on. 


Fig. 6. Thermograms of uranium pitchblende (Syro- 
myatnikov pyrograph). 
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Phase Y is observed very rarely in the ignition of pitchblende. 

The tetragonal phase is not observed. 

Thermograms of pitchblende (Fig. 6) are fairly uniform and are 
characterized by one major exothermal peak within the 450 to 700°C 
range, followed by minor fluctuations at higher temperatures. This 
peak may be naturally referred to the crystallization of U3;Os; the 
fluctuations—to the appearance of hexagonal phases of different kinds. 
A small endothermal peak at 100 to 300°C is related apparently to the 
loss of adsorbed water and to a partial destruction of the crystal struc 
ture by the artificial oxidation. 


URANIUM BLACK 


The test materials, in this case, were represented by isolated 
samples of small weight and we are not entitled to make any general- 
izations for that reason. Nevertheless, certain peculiarities in the 
behavior of uranium black during ignition seem to be indicated: the 
lines of the x-ray powder diagrams corresponding to the crystal struc 
ture of the CaF, type are broadened and weakened progressively and 
disappear in the end, at about 400 to 500°C; the background increases 
in its intensity concurrently and the oxide passes into its amorphous 
state. The amorphous oxide becomes recrystallized, with the formati 
of the Y phase or, more rarely, of the hexagonal phase, at 500 to 700° 
temperature of the crystallization depends on the degree of oxidation « 
the original sample. Formation of crystalline UO; is not observed 
during ignition of uranium black. 


DEPENDENCE OF TEMPERATURE OF RECRYSTALLIZATION 
OF NATURAL OXIDES INTO HEXAGONAL PHASE ON 
DEGREE OF THEIR OXIDATION 


It was observed by different investigators on several occasions tha 
the transition temperature at which natural uranium oxides pass into 
UsOe is not constant. The cause of this phenomenon was generally se 
in various mechanical admixtures to the oxides. However, it is not 
possible for us to share this view, on comparisons between recrystall 
zation temperatures of the oxides with their spectrographic and chem 
cal analyses as well as with the mineralographic characteristics of tk 
minerals (paragenesis). A clear-cut relationship between the recryst 
lization temperature and the degree of oxidation of the original sampl 
exists within the group of minerals in which both pitchblende and ura1 
um black are included. Table 8 presents a comparison between the 
transition temperatures (to U;Og) and the oxidation coefficients of th 
original samples, for a series of pitchblendes and uranium black. 
Even a relative appraisal of temperatures at which the oxides pas: 
into U3O0g (we cannot call these temperatures “absolute”, because the 
X-ray analysis records appearance of a new phase only after a certai 
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Fig. 7. Relationship between transition temperatures 
into the hexagonal phase U3Og for pitchblende and ura- 
nium black and the degree of their oxidation. 


ay and because the temperature grid is relatively sparse in the igni- 
n of our samples) permits us to maintain that the reason for the in- 
istancy of the recrystallization temperature at which natural uranium 
des are converted into U3O, is found in the differences between their 
srees of oxidation in their natural state. The oxidation of U** to U°* 
a natural uranium oxide loosens the crystal Struct’ and facilitates 
reorganization. The higher is the proportion of U** in the natural 
de—the lower is the temperature of its transition into U3;0,; the 

lit here is 300°C, i.e. the crystallization temperature of synthetic 

Os. This limiting temperature should be specific for a natural 

nium oxide, although ignition up to 700°C is required for the re- 
stallization of a weakly oxidized pitchblende. Figure 7 is a graphic 
yresentation of the relationship of the temperature of the transition 
U;Os and the degree of oxidation, in the case of pitchblende and 
nium black. 


Table 8 


Sample No. 


ropa pa [a] a fi 


ax” , 2.31] 2.33] 2.37] 2.43] 2.51] 2.53 2.62] 2.66} 2.71 
bay Cs 700 650 | 600 | 600 | 600 | 550 450 | 400 


HEXAGONAL PHASE 


Milne [19], in his x-ray studies of single-crystal structures of 
thetic U;Og, showed that this oxide has a hexagonal symmetry, in 
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its atomic distribution, and that it consists of two phases of a single 
structural type, in the majority of the cases, the unit cells of which 
differ one from another only by their size (ag 3.86 and 3.93 A) and that 
the orientation of these two phases, in single crystals, is parallel to 
each other. 

X-ray investigations of the products of ignition of natural uranium 
oxides enabled us to establish that, in the case in question, the “one- 
cell” phase, with a large unit cell, is formed first, while further igni- 
tion leads invariably to the formation of the “two-cell” U;0g. The 
cubic phase “jumps” into the first hexagonal phase but the first hexa- 
gonal phase passes into the second one gradually: the images of the 
first hexagonal phase are split and parted, while the a, of the smaller 
unit cell is going through its change. Individual samples at tempera- 
tures in the vicinity of 900° produce an oxide containing several phase 
with different unit cell sizes ag. The result of this is an involved dif- 
fraction pattern in which the reflections hkl, h00, 0k0 are replaced by 
groups of sharp reflections corresponding to several phases within a 
single structural type. Estimations of the parameters for every phase 
are made difficult by this particular complexity of the pattern. Table 
9 reports the interplanar distances of the phases—the products of igni- 
tion of natural uranium oxides: the “one-cell”, the “two-cell”, and the 
“multi-cell” hexagonals. The character of the changes in the hexagon: 
phase is the same, whether the initial material is uraninite or pitch- 
blende. 


Y PHASE 


A new phase, here designated as Y, is formed on ignition of uranin- 
ites, strongly oxidized pitchblende, and uranium black. This phase is 
the end-product of the ignition, as if it were a replacement of the hexa 
gonal phase. Transition from the cubic to the Y phase is gradual: 
there is a gradual weakening of the (311) reflection of the cubic phase 
accompanied by its broadening, a growing intensity of the (220) reflec- 
tion, together with a progressively increasing general diffuseness of a 
reflections at the larger magnitudes of the angle. The exact tempera- 
ture at the inception of the Y phase could not be registered, because 0 
the superimpositions of every one of the clear reflections at small 
angles on the reflections of the cubic phase at the first moment of the i 
existence of the new phase. At increasing temperature of ignition, | 
reflections of the Y phase became clearer, whereupon they began to | 
split, with the formation of complex groups which could be interpreted 
by analogy with the hexagonal phase, as the result of an imposition of 
the diffraction patterns belonging to several phases resembling one 
another in their crystal structures. The number of the phases is not 
the same in different stages of the ignition, with the resulting differ- 
ences in the complexity of the diffraction patterns. The “one-cell” 
phase is formed first; the “two-cel]l” is next; finally come the 
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Table 9. Interplanar Distances in. Hexagonal Phases - Products of 
Ignition of Natural Uranium Oxides 
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qulti-cell” phases. The Y phase is most characteristic for strongly 

idized varieties of the minerals: such minerals contain large propor- 
ns of U®* and their transition into Y phase is gradual; if there is not 
ough u** from the start, to bring about such gradual transition into Y 
ase, the supplementary oxidation of U°* to U*~ caused by the ignition 
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leads to the formation of the hexagonal phase.* Uraninites are an ex-. 
ception to this generalization: although they are not strongly oxidized, 
they pass into the Y phase, on ignition, possibly because of the greater 
resistance to oxidation on the part of their crystal structures. The Y 
phases—the ignition products—in uraninites, pitchblende, and uranium 
black are identical. Y phase has a brilliant orange color, indicative 
possibly of the high degree of oxidation of the original substance. 
Table 10 gives the interplanar distances for the Y phase at different 
levels of oxidation. Figure 9 is an x-ray pattern of the “multi-cell” 
phase Y. 


X PHASE 


This phase was first observed by Brooker and Nuffield [8] in their 
ignition studies of Canadian pitchblende. This phase was observed in 
our studies only on the ignition of uraninites whose oxygen coefficient 
was from 2.45 to 2.53. The X phase is formed at 500 to 600°C and isa 
predecessor of the more strongly oxidized phases (the hexagonal or the 
Y). Phase X is tetragonal. Dimensions of the unit cell of this phase 
were found to be as follows, by the analysis of its x-ray powder pattern 
with the aid of the Hull curves: ay = 5.31 + 0.01; cg = 5.52 + 0.01 2; 
c/a = 1.04. This phase is different from the synthetic tetragonal phase. 
Transition of the cubic phase into X phase is gradual: first, the reflec- 
tions from the cubic phase are broadened in the x-ray pattern, then 
split and sharpened, as the tetragonal phase X forms. Unlike the syn- 
thetic oxides, natural uranium oxides produce only one tetragonal phasée 
on ignition. The x-ray pattern of this phase is shown as Figure 10. 
Table 11 gives the interplanar distances, the relative intensities, and 
the refraction indices for the tetragonal phase X, in comparison with 
the data by Brooker and Nuffield [5]. 


CONCLUSIONS 


1. The multiplicity of crystal structures of synthetic uranium 
oxides, corresponding to different degrees of oxidation of the contained 
uranium, has no analogies in nature, where uranium oxides maintain 
their cubic structure of the CaF, type, identical with synthetic UO,, 


and where there is no constancy in the composition and properties of 
the oxides. 


pee St see is poorly intelligible here. It reads: ‘‘supplementary oxidation U* 
i U which leads to the formation, if the amount of US+ is insufficient for the 
ormation of the Y phase, there is the hexagonal phase.’’ The translation of 


this sentence, “‘if there is not enough’’ is the translator’s wording, in harmony 
with the context. VPS 
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Table 10. Interplanar Distances in Y Phases - Products of Ignition 
of Natural Uranium Oxides 


“one-cell”! “two-cell” |“multi-cell”|“one-cell”| “two-cell” | “multi-cell” 
d/n i cin 1 
Se es ||.) 5 [5.86 9 4 
Se os -- -- | 3.74 3 5 
a aioo0 5 | 3.56 4 3 
3/3410. | cu40uemnr | 3.38 9 4 
3.16 6 | 3.22 10 | 3.22 10 5 
2.91 3 | 3.03 6 | 2.932 7 2 
ao Se Pies! Cale OO 8 4 
2:64, © 7 eens le anne 1 
Se as | Be! 6 | 2.540 5 7 
Ne RRS. ery 4 
2.19 5 |2.198 5 | 2.201 4 3) 
aoe =a) Eee eenmen= 81400. ual 6 
Ss es || OO} 1 | 2.095 1 2 
-- --| -- == || AOR! 3 5 
1.96 8 | 1.982 9 | 1.983 9 3 
eee) S| | oi eey kA 3 
== -=/1.882 6 | 1.883 6 
1.861 41)/1.843 4 | 1.846 7 a == oe 
IS, By Paine) 1 -- -- | 0.9384 2 
1.693 4/1.692 RaledeOr 3 -- -- 
SP ee WAY eth) ae. Nae 
So) eulalaa! 6 | 1.649 T | == -- 
<= 4 ee -- | 1.620 2s == ||0. 
-- --/1.601 7 | 1.599 & -- == |0, 
=) == |) see ==) 4.5605 5:1 eac Een? 
Wesyebe -- -- | 1.542 1 -- -- 
-- --1|1.480 6 Ss aq || Ss == |0 
-- --1/1.448 Go 457 3 -- -- |0 
w= =+ |) 2-9 t'|4419, 95] een 
1.408 3/1.411 2 -- aia ate Ete 
= == oR 4 -- ae 


2. Depending on the degree of natural oxidation of uraninite and 
pitchblende, both of which may be regarded rationally as oxides of 
tetravalent uranium only, in their initial state, a part of their uranium 
becomes hexavalent, while remaining in their crystal structures and 
replacing isomorphously the tetravalent uranium. This replacement 
leads to a diminution in the size of the unit cell of uraninite and pitch- 
blende. The well-defined relationship between a, and the degree of 
oxidation makes it possible to estimate “x” roentgenographically for 
the crystallized fraction of the oxide. 

3. Conversion of the bulk of uranium into its hexavalent state causes 
a gradual increase in the degree of the dispersion of its oxide, a decom 


position of the structures, and the formation of the powdery varieties 0 
uranium oxides—the uranium black. 
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Table 11. Interplanar Distances in Tetragonal Phases of the 
X-product of Ignition of Natural Uranium Oxides 


Uraninite Ignition Brooker and} _ Uraninite Ignition Brooker and 
Products Nuffield Products Nuffield 
hkl = d/n I hkl = da/n I d/n I 
- - 6 040B - - 1.528 1 
111B 3.443 4 15325023 157425 1 - 
- 3.254 - 004 1.443 1 - - 
111 3.105 il : 10 040 Toomer 1.377 1 
- - - 3.17 2 - 1533073 1.341 1 
- - - 3.04 2 )1:33;3305 = - 1.290 1 
141 
2008 2.919 5 2.95 1 331 1.251 6 1.252 1 
- - - 2.75 5 |240,142 1.214 7 + - 
200 2.644 9 2.65 1 005 1.174 3m - - 
- - - 2.49 1 /224,034 1.116 1 - - 
120 2.410 2 2.44 1 143 1.099) 5m - - 
0228 2.113 4 2.23 1 1558 1.048 3 - - 
220B 2.017 3 2.07 1 125 1.034 2 - - 
- - - 1.989 5 Shyilfes Ol al - - 
022) 17925 9 1.949 2 251 0.9976 1 - - 
- - - 1.892 4 026 0.9728 3 - - 
220 1.833 8 1.852 3 | 252,441, 0.9587 1 - - 
334 
1318 1.788 1 - - 006 0.9272 4m - - 
2228 1.725 1 1.687 2 351 0.9145 2 - - 
He Sieeel OSI 5 1.662 3 026 0.8996 4m - - 
Sige 609 8 1.612 2 ~ 0.8650 3m - - 
= “ = - - | 335,162 0.8414 1m - - 
222= 91.559 6 1.568 1 - 0.8308 1 - - 


4. Artificial oxidation of natural uranium oxides, by ignition in air, 
ows that they are more stable than synthetic oxides: the original 
ystal structure of the CaF2 type is maintained by them up to 400 to 
°C, as against 175°C, in the case of synthetic oxides. Natural 
anium oxides pass into the X, the Y or the U3;O0, phases at 400 to 
0°C. The Y phase is formed on ignition of uraninites and of strongly 
idized pitchblende and uranium black. The temperature of recrys- 
llization of pitchblende and uranium black into U3O, depends on the 
gree of oxidation of the original material. Inasmuch as our studies 
monstrated the formation of several crystalline phases during igni- 
m of natural uranium oxides, the method of Conybeare and Ferguson 
|, previously suggested for determining the degree of oxidation of 
tural uranium oxides, on the basis of the single-phase or the two- 
ase characteristics of their ignition products, has only a limited 
efulness, in the case of weakly or moderately oxidized pitchblende. 
e dark brown color of the U;Og, phase and the bright orange color of 
>» Y phase justify qualitative appraisals of the degree of oxidation of 
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pitchblende or uranium black, without resorting to the x-ray analysis 
of the phases. 
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Abstract 


The mineralogy and paragenetic history of magnesium skarns of the Taezh- 
oe iron ore deposit, Aldan region, Yakutiya, Siberia, is presented from the 
standpoint of relative elemental mobilities during post-magmatic replacement 
f dolomite and aluminosilicate rocks. Boron mineralization is associated with 
hese skarns. Formation of magnesium skarns and associated magnetite ore 
s related to the highest temperature phase of post-magmatic hydrothermal 
ctivity. This activity is dated as contemporaneous with intrusion of Archean 
laskite dikes into dolomite marbles and related aluminosilicate rocks. Prin- 
ipal skarn minerals of the dolomite marble include phlogopite, pargasite, diop- 
ide, ludwigite, magnetite, forsterite, and humite or clinohumite. Principal 
karn minerals of the aluminosilicate rocks include phlogopite, hornblende, diop- 
ide, tourmaline of the draviteschorlite series, calcite, and plagioclase or scap- 
lite. Accessory minerals are fluoborite, warwickite, sinhalite, serendibite, 
phene, and apatite. Relict minerals include dolomite and spinel; moderate to 
»w temperature minerals are dravite, epidote, albite, plagioclase, serpentine, 
scharite, and szaibelyite. 

Mineral parageneses are studied from the standpoint of elemental mobilities 
uring skarn formation. In decreasing order of mobility, these elements are: 
20, COz2, Na,O, K20, CaO, Oz, BzO3, Fe, P2O5, MgO, SiOz, Al2O3 and TiO,. 
Ithough MgO, SiOz, and Al2O3 are relatively inert during metamorphism, i.e., 
9 not migrate, their proportions in host rocks determine mineral associations 
volving the mobile elements of magnesium skarns. 

Mineral parageneses in post-magmatic magnesium skarns in dolomites and 
ssociated aluminosilicate rocks are detailed. The high degree of paragenetic 
iriations in skarns depends upon the variable activity of boron and iron in the 
sacting solutions. A diagram involving mineral triads and iron and boron 
stivities illustrates mineral parageneses. Low iron environments with mod- 
ate activities of boron are characterized by plagioclase-phlogopite-diopside 
wrageneses. With increasing iron content, hornblende appears and with critical 
yron content hornblende may associate with tourmaline. A higher boron con- 


‘Plita’’ (‘‘plate’’) is a Russian geotectonic term that has no equivalent in Eng- 
ish. Plita is a part of a platform where the crystalline case of the platform is 
overed by a thick horizontally bedded mass of sedimentary rock which may or 
ot be very gently folded. VPS 
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tent produces a tourmaline-diopside assemblage. The tourmaline-diopside- 
hornblende paragenesis represents the environment with the highest activity of 
both iron and boron in the reacting solutions. Suitable conditions of desilication 
can lead to formation of a practically monomineralic fine and equal grained 
tourmalinite which commonly borders earlier skarn mineralization. 


Magnesium skarns containing borates in dolomite-granitoid con- 
tacts, in both young and geologically ancient complexes, have been de- 
scribed in the literature on many occasions (Geijer [5], Tilley [6], 
Shannon [7]). This paper is a presentation of our results on the study 
of their parageneses in the Taezhnoe deposit of iron ore in magnesium 
skarns (Aldan Region, Yakutiya, ASSR) in the Archean of the Aldan 
Plita. Presence of borates in these skarns was discovered and 
described by L. I. Shabynin [ 4]. 

The Taezhnoe deposit is associated with a mass of dolomite 
marbles underlain by diopside-hypersthenes and overlain by biotite- 
sillimanite gneisses and quartzites. This mass is approximately 200 
meters thick and is interbedded with para-amphibolites and leucocratic 
gneisses, alongside the marble sequences. This mass is strongly 
faulted and is intruded by alaskites. Migmatization phenomena and 
granitization of crystalline schists and dolomite-marbles are widely 
distributed in the area and are associated with the intrusion of alas- 
kites. In addition to the alaskites, diopside granites are common at 
the site, found, as a rule, near the dolomite-marbles and the products 
of their replacement. 

Formation of the magnesium skarns in question, and also of the 
magnetite ores, is related to the highest temperature stage of the post- 
magmatic hydrothermal activity which was associated with the intru- 
sion of alaskites. The dolomite marbles and, to a lesser degree, the 
adjoining aluminosilicate rocks (gneisses, migmatites, etc.), are re- 
placed by postmagmatic skarns. Moreover, spinel-diopside, spinel- 
forsterite, and other rocks, whose parageneses are outside the scope 
of this report, the products of an earlier replacement of the marbles 
during the magmatic stage, were also subjected to the post-magmatic 
high-temperature mineralization and to the reception of the magnetite 
ore. 


The principal minerals in the post-magmatic skarns are shown in 
the following table. 

It should be noted that minerals like forsterite and diopside also 
enter the composition of some relatively high-temperature rocks of 
the magmatic stage in their characteristic paragnesis with spinel, in 
the deposit here discussed. This paragenetic relationship is unstable 
in the post-magmatic stage, because of the alkalinity of the environ- 
ment. Forsterite and diopside are paragenetic with pargasite, phlogo- 
pite, etc., in the post-magmatic stage. 


The following minerals are found in skarns and in skarnized rocks, 
in addition to the minerals here enumerated: 
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Skarns and Near-Skarn Rocks in 


Skarns in Dolomite Marbles 
Aluminosilicate Rocks 


Phlogopite (f = 8-15) Phlogopite (f = 19-28) 
Pargasite (f = 10-20) Hornblende (f = 35-50) 
Diopside (f = 5-20) Diopside (f = 20-40) 
Ludwigite Tourmaline of the 
Forsterite (f = 5-10) or dravite-schor] series 
humite and clino-humite (f = 65-75) 

Magnetite Plagioclase (36-65% An) 

or scapolite (50-70% Me) 

Calcite 
f x 100 


NOTE: The degree of iron-impregnation of mi = 
g pregnation of minerals, f Fe + Me 


(as per cent) is determined by their optical properties, by 
the means of the Winchell diagram (diopside, forsterite, 
tourmaline) and of the diagrams based on the available 
chemical analyses of the Taezhnoe minerals (phlogopite, 
pargasite, hornblende). 


: 1) Relict minerals, dolomite and spinel, replaced by phlogopite, 
ludwigite, etc. 

2) Relatively rare and accessory, contemporaneous, on the whole, 
with the skarn minerals: fluoborite, warwickite, sinhalite, serendi- 
bite, sphene, apatite. 

3) Post-intermediate-temperature minerals: dravite, epidote, and 
albite replacing scapolite and plagioclase, tremolite, etc. 

4) Low-temperature minerals: serpentine (chiefly after forsterite), 
ascharite (szaibelyite) replacing ludwigite, hydrotalcite, etc. 

Paragenetic studies of magnesium skarns had led to the establish- 
ment of the following relative mobility series of their components: * 


*This article makes use of the methods and the analytical concepts of the para- 
genesis of minerals treated systematically in D, 8S. Korzhinskii’s book [3]. A 
certain group of the components behave as if they were ‘‘inert,’’ in the given 
zone of metasomatic processes, in the sense that they do not migrate, for all 
practical purposes, while the other components act as if they were almost ‘‘en- 
tirely mobile,’’ so that the given amounts of the given component in the rock 
are no longer reflected in the composition of the replacement product. Mineral 
composition of a metasomatic rock depends therefore on the proportion of the 
inert components therein as well as on the chemical potentials (or activities) of 
the entirely mobile components in the reacting solution. The number of miner- 
als present in the equilibrium associations during metamorphism does not ex- 
ceed the number of inert components and does not depend on the number of the 
entirely mobile components. In the case of metasomatism at a constant volume, 
the number of synchronous minerals may exceed the number of the inert com- 
ponents by one. By applying the methods of systematic paragenetic analysis to 
a sufficiently abundant test material, it is possible to ascertain the inertness of 
the entire mobility of the participating components for any ‘‘metasomatic 
facies.’’ The more intensive the metasomatism, the greater is the number of 
the components passing into the ‘‘entirely mobile’’ state. Consequently, it is 
possible to establish the relative mobility of the components, in the given proc- 
ess, by comparisons of rocks subjected to different degrees of replacement. 
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H,O, CO, NazO, K,0, CaO, O2, Bz2Os, Fe/P205, MgO, SiOz, Al, Oz, 
TiO,. The five latter ones are inert. The not uncommon admixtures 
of sphene and apatite in skarns depend on the presence of titanium and 
phosphorus. The other 3 of the 5 (MgO, SiOz, AlzO3) are virtually 
inert and their mineral associations in magnesium skarns are deter- 
mined as single values. The alkalies, next to H2O and CO2, are the 
most highly mobile constituents, among the entirely mobile ones. 
According to D. S. Korzhinskii [1], all post-magmatic skarns are 
classified under Group II (sub-groups A-4, A-5), with the ordinary or 
slightly above-the-ordinary alkalinity characterized by the phlogopite- 
plagioclase (scapolite) association and by the instability of the spinel- 
diopside association. 

The observed diopside-spinel parageneses belong to an earlier 
magmatic stage; in the stage here discussed, this association is re- 
placed by phlogopite, pargasite, serendibite, etc. The phlogopite- 
plagioclase (scapolite) paragenesis is not uniformly stable throughout 
the deposit and is replaced locally by the associations of diopside or 
of hornblende with tourmaline which is due not to any change in alka- 
linity of the solutions, but, as it will be shown later, with the increased 
activity of boron in the solutions. 

Iron and boron are the least mobile constituents, among the “en- 
tirely mobile” ones and a large number of parageneses may be 
identified almost entirely on the basis of these two elements. 

Let us consider now separately skarns in dolomites and the near- 
skarn rocks replacing the aluminosilicate rocks. Magnesium skarns 
by which the beds of dolomite marble were replaced during the post- 
magmatic stage are preponderant in their distribution at the site here 
discussed. These skarns form large bodies whose dip and strike may 
extend for hundreds of meters without any interruptions. The replace- 
ment of dolomites by magnesium skarns was accompanied by a mag- 
netite mineralization. Structural relationships between magnetite and 
skarn minerals (ludwigite, phlogopite, post-magmatic forsterite) indi- 
cate, on the whole, their synchronous origin: the primary magnetite is 
cementing the skarn minerals without any signs of their corrosion. 
Elsewhere, one may observe replacements of the skarn minerals by 
magnetite as well as the converse replacements. One may see, for 
example, veinlets of phlogopite cutting through magnetite. Alongside 
magnetite, calcite is found not uncommonly in the parageneses of the 
dolomite-replacing magnesium skarns. Both of these minerals are 
made up of the entirely mobile constituents and their formation is 
contingent upon the volume constancy during the replacement of the 
Sane igs ens one from the solution serves to “compen- 
ment ETE 3 os e ear brought about se the replace- 
Korzhinskii [2] a by the reacting ones, according to D.S. 

. genetically, the post-magmatic magnesium 
skarns in dolomite are divided into three groups (Fig. 1). 
eee ee ee eh ee I are exceptionally common. Contacts of 
nosilicate rocks show generally the following 
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M 
ld (Spl) Ld (Spl) 


Fig. 1. Paragenetic diagrams of post-magmatic magne- 
sium skarns replacing dolomite marbles (marked off by 
the solid lines). 


‘zonations: phlogopite-forsterite skarns with magnetite —~ phlogopite - 
diopside skarns — hornblende skarns. Phlogopite-forsterite skarns 
are associated not uncommonly with forsterite-clinohumite-ludwigite 
skarns containing magnetite and phlogopite. Locally, they may form 
isolated lenses or clusters in magnetite-bearing forsterite skarns or 
else they may be between the latter and the dolomite marble, as if 
they were a “forefront” of replacement of the dolomite by infiltration: 
Dolomite marble (Dol + Cal t For + Spl) —- ludwigite skarn (Ld + Mt + 
For + Cal t Phl)—» forsterite skarn (For + Mt t Phl t Cal). The 
“Zones” of ludwigite skarns separating forsterite skarns from dolo- 
mite marble may attain appreciable thickness (up to 30-40 meters).* 

Skarns belonging paragenetically to Group II (Fig. 1) are not partic- 
ularly abundant in their distribution. The forsterite-pargasite para- 
genesis is observed in small clusters within skarns in the marbles 
and in some forsterite-magnetite ores where large poikiloblastic 
grains of pargasite associated with phlogopite and magnetite compose 
the fillings between idiomorphic grains of forsterite. Characteristic- 
ally, the relatively more highly ferruginous silicates, by comparison 
with Group I, are associated here with magnetite, as it may be seen 
from the following reaction by which they are bound: 
iz.1 Di, a et 2.95 Phi, ari (0.9 FeO)—~ 5.9 Par, 4157 0.6 For, _ 5 

The increased chemical potential of FeO should be conducive to the 
foregoing reaction, in accordance with the Mass Action Law. 

The skarns of Group II were formed therefore in environments 
where the chemical potential of iron was high. Taking into account the 
presence of magnetite in both parageneses, we may suppose that the 
Group II skarns also represent a relatively low oxygen potential, 


*Ap - apatite Hb - hornblende Par - pargasite Sc - scapolite 
Cal - calcite Ld - ludwigite Phl- phlogopite Sph - sphene 
Di - diopside Mt - magnetite Pl - plagioclose Spl - spinel 
Dol - dolomite Ort - orthoclose Q - quartz Tu - tourmaline 


For - forsterite 
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inasmuch as the increasing chemical potential of iron is a possibility 
only when there is a lowering of the oxygen potential: 
3 
Le Age 

Iron enters ludwigite chiefly as ferric oxide. Consequently, a low- 
ering of the oxygen potential in the reacting solutions must have an 
adverse effect on the ludwigite mineralization. There is no evidence 
of the presence of ludwigite scarns associated with magnetite-bearing 
pargasite-forsterite skarns of a higher iron-content; parageneses of 
ludwigite with relatively iron-high minerals (for example, pargasites) 
are also absent. Phlogopites in ludwigite parageneses are represented 
only by their iron-low varieties: 


Sample Color of 
No. sample a B Y Y-o f 


2636 Pale green 1.543 1.578 1.585 0.042 10 
3282 Pale brown 1.548 1.581 1.586 0.038 Ad 


The ludwigite-phlogopite paragenesis is relatively rare in this 
deposit. 

Relatively more ferruginous phlogopites (f = 14 to 15) are found in 
the dolomite-forsterite parageneses in the absence of ludwigite. 

The ludwigite-diopside paragenesis in the presence of calcite 
(Group III) is representative of environments with a very high activity 
of boron* in the reacting solutions, sufficiently high to make forsterite 
unstable, as it is shown in Figure 1, with the resulting decomposition 
of forsterite into diopside and ludwigite: 4 For + (2.85 Fe + 2.25B) = 
2.0 Di + 2.95 Ld. This is a rarity in the deposit under consideration, 
although there are descriptions of magnesium skarns on record [7] in 
which the paragenesis of this type is preponderant. 

Let us pass now to a discussion of the magnesium replacement of 
aluminosilicate rocks in contact with the dolomite marbles. The fol- 
lowing groups may be here recognized: 

Magnesium skarns (phlogopite, hornblende, clino-pyroxene); near- 
skarn quartz-free rocks; the products of the desilicification of the 
aluminosilicate rocks; quartz-bearing metasomatically altered rocks 
(partially replaced by hornblende, tourmaline, scapolite, ferruginous 
phlogopite, etc.). 

Let us limit our discussion to the magnesium skarns and to the 
directly adjoining near-skarn quartz-free (desilicified) rocks. In 


By the activity, in the present report, we understand ordinary chemical activit 
(concentration times the activity coefficient). 
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addition to the previously enumerated principal minerals (Phl, Hb, Di, 
Tu, Pl, Sc, Cal), these rocks may also contain magnetite, but in con- 
trast with the previously considered skarns replacing the dolomites, 
the magnetite here is not contemporaneous with the silicates but is 
formed by replacement of the silicates. The imposition of magnetite 
mineralization on the near-skarn rocks (very much like the subsequent 
sulfide mineralization) has a clear structural expression: The magne- 
tite forms veinlets, forms a cement between fragments of its host 
rocks, develops along cleavage planes of the other minerals and cor- 
rodes their grains. It is not possible therefore to regard magnetite as 
a paragenetic member of the near-skarn rocks. 

The skarn parageneses in the aluminosilicate and in the near-skarn 
rocks show a high degree of variation. It becomes evident on compar- 
ing them that their greatest differences are in the amounts of boron 
and iron they contain, while the amounts of the other entirely mobile 
constituents show a significantly more narrow range of variation. 

The observed high degree of paragenetic variations in the near-skarn 
rocks depends apparently on the variable activities of boron and iron 
in the reacting solutions. 

Figure 2, a diagram constructed by the Korzhinskii Method [ 3], 
illustrates the paragenetic dependence of the rocks in question on the 


jefe 


=Di+PL+Phb 
Si 


Fig. 2. Diagram of chemical potentials of iron and 
boron for near-skarn rocks and for post-magmatic 
magnesium skarns replacing aluminosilicate rocks 
(gneisses, migmatites, etc.). Their parageneses are 
shown by solid lines in the triangular diagrams. 
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chemical potentials of boron and iron. This diagram is built on the 
assumption that temperature, pressure, and chemical potentials of the 
rest of the entirely mobile constituents remain constant. The follow- 
ing possible reactions between the already listed principal minerals of 
the near-skarn rocks serve as the premises of the diagram (the inert 
constituents, MgO, SiO, , Al,O3, are equalized): 


1. 137.5% Di+ 18.24 Phl + 8.52 Tu + (42.624 Fe) = 81.12 Hb+ (51.12B) 
2. 11.46 Pl + 3.558 Phl + (11.8128 Fe + 6.6 B) = 6.324 Hb+ 1.1 Tu 

3. 4.56 Pl+ 3.78 Hb + (6.594 B+ 1.392 Fe) = 10.674 Di+ 1.099 Tu 
4 


_ 3.78 Phl + 20.28 Pl + (15.024 Fe + 18.732 B) = 3.122 Tu + 18.927 Di 
Di + Pl + Phl + (Fe) —~ Hb 


The algebraic (matrix) calculations of the reacting proportions [ 3, 
pp. 134-138] were made on the assumption that the composition of 
plagioclase No. 40, diopside (f = 30), and tourmaline (f = 70) is repre- 
sented by their theoretical formulae and that the composition of 
phlogopite and hornblende corresponds to the chemical analyses of 
these minerals, as they were made available to me by L. I, Shabynin 
(the analyses were done at the Chemical Laboratory of the IGEM*). 

On the assumption of constant temperature, pressure, and chemical 
potentials of the entirely mobile components, CaO, Naz2O, K20, H20O, 
COz, Oz, in our particular case, in accordance with the phase rule for 
a 9-component system, MgO, Al,O3, SiO2, Fe, B2O3, the association 
of all of the five minerals here discussed, Pl, Di, Phl, Hb, Tu, repre- 
sents an assumed-nonvariant system shown as a point in Figure 2, the 
diagram of the chemical potentials Lp - UR: The associations of any 


4 out of the 5 minerals are represented by the lines of the assumed 
monovariant equilibria originating at the point of the nonvariant associ 
ation. Directions for these lines of the equilibria may be obtained 
from the reaction equations already cited, in conformity to the Law of 
Mass Action. The distinctions between the stable and the metastable 
parts of the monovariant equilibrium lines are based on the 
“Schreinemaker’s Rule” [3, p. 128, Fig. 73]. 

The diagram shown as Figure 2 permits a systematization of the 
observed parageneses, depending on the environments of their 
development. 

As is evident from this diagram, the low-iron environments with 
moderate activities of boron are characterized by the plagioclase- 
phlogopite-diopside paragenesis (I). At increasing content of iron, 
hornblende (I) makes its appearance in the parageneses and, provided 
that the activity of iron is high, hornblende may form an association 
with tourmaline (I). Environments with activity of boron are char- 
acterized by the tourmaline -diopside paragenesis (IV). The 


*The Institute of Geology and Mineral gy (Insti ii i Mineralogii : 
I 
Nauk, SSSR, VPS ogy (Institut Geologii i Mineralogii), Akac 
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tourmaline-diopside-hornblende para- 
genesis (V) represents environments 
with the highest chemical activity of both 
iron and boron in the reacting solutions. 
All of the paragenetic groups shown in 


Figure 2 are found in the Taezhnoe deposit. 


The parageneses of Group I are abun- 
dant on the flanks of the deposit in the 
environments where both the magnetite 
and the borate mineralization play out. 
These parageneses are relatively rare 
in the deposit itself. Wherever they are 
found in the near-skarn zones, the follow- 
ing replacement sequence is traceable, in 
the course of the desilication: 


Di + Pl-~Phl + Pl—Tu (+ Pl) 


which results in the appearance of pecu- 
liar coarsely mottled rocks. Such rocks 
consist chiefly of diopside-plagioclase 
and contain fantastically shaped clusters 
of fine-grained tourmaline with rims of 
phlogopite-plagioclase rocks. 

The parageneses of Groups II and III 
are more abundant in the deposit. 

The following replacements observed 
in the near-skarn rocks are referred also 
to Group II: 


Di + Pl—~Hb + Pl—-Phl + Pl—Tu(t Pl) 


The textures of these rocks have a visual 
resemblance of the textures already de- 
scribed. Moreover, the diopside-plagio- 
clase rocks are, as a rule, completely 
replaced by a hornblende-plagioclase 
rock wherein only their small relicts 
may be preserved. The fine-grained 
tourmaline, in its oddly shaped clusters 
and vein-like formations, replaces the 
plagioclase-hornblende rock from which 
it is separated invariably by thin margins 
of the phlogopite-plagioclase composition 
yenerally of the cross-leaf structure. 
Presence of these rims serves to dis- 
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, etc. were adopted in the translation, as against FeO3/2, BOs/2 , 


VPS 


*The more conventional Fe203, Bz203, NazO 
NaQ;/2, etc., respectively of the original. 


inguish these replacements from the other kind, belonging to Group 
Il, which took place in the environments containing highly ferrugi- 
10us solutions. In this latter case, the tourmaline-hornblende 
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paragenesis acquires stability and the desilication of the crystalline 
schists becomes characterized by the following sequence of the re- 
placements: 


Die Pl —-Hb + Pi—Pun(B)) 


The parageneses of Groups IV and V are amply represented in the 
deposit (the environments with the high activity of boron in the solu- 
tions) and are typical for the near-skarn rocks in contact with the 
ludwigite skarn bodies. The tourmaline-diopside association is stable 
in such environments and the most common replacement sequence for 
the near-skarn rocks is as follows: 


Di + Pl — Di + Tu—~ Tu (Phl or Hb) 


In such a manner, in the Taezhnoe deposit, the desilication of the 

near-skarn rocks in contact with the skarns, under different conditions 
-with respect to the amounts of iron and the activity of boron in the 
solutions, leads to the formation of practically single-mineral fine, 
equigranular tourmaline rocks. The tourmaline forms either isolated 
clusters or irregular bodies, up to 5-7 meters thick, generally in con- 
tact with the skarns by which the dolomite marble was replaced, 
although narrow zones of these rocks were noted also in the Zahlbands 
of the cross-cutting veins in gneisses. 

Paragenetic studies of boron-bearing magnesium skarns of the 
Taezhnoe deposit lead us to the conclusion that they were formed in 
the environments with a fluctuating activity of boron in the solutions. 
When the activity of boron was moderate, this element was accumu- 
lated in the near-skarn rocks, with the formation of tourmaline para- 
genetically with phlogopite and plagioclase or (while the iron was high) 
with hornblende. There was no ludwigite mineralization in such en- 
vironments. As the activity of boron was increasing in the reacting 
solutions, the tourmaline-diopside paragenesis was becoming stable in 
the near-skarn rocks, while the ludwigite-forsterite paragenesis was 
becoming extensive in the skarns in the dolomite. Further increases 
in the activity of boron were responsible for the instability of forster- 
ite and for the appearance of the ludwigite-diopside paragenesis which 
is very rare in the Taezhnoe deposit. 


Received for publication 
December 15, 1956 


*Zahlbands are the lateral surfaces separating veins from the host rock. In the 
Russian usage of this German term, the mineralized parts of the host rock 
next to the veins, are often included. VPS 
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Abstract 


During progressive metamorphism of these rocks, alterations of both miner 
alogical and chemical composition occurred. According to their behavior the 
chemical elements may be divided into three groups: 

(a) elements, the content of which in rocks did not substantially alter (iron) 

(b) elements, the content of which was decreasing in some rocks and at the 

same time increasing in others (silicium, aluminium, magnesium); 

(c) elements, the content of which in rocks was either only increasing or on 

decreasing (sodium, potassium, carbon from carbonates). 

The migration of the matter occurred with the assistance of solutions. The: 
were conditions near to equilibrium between rocks and solutions. Simultaneous 
with the alteration of the chemical composition of the rocks the composition of 
solutions was also changing. 


Three rock suites, the Lower, the Middle, and the Upper may be 
identified within the Precambrian Krivoi Rog Series (which is called k 
some the Saksagan Series). The Lower Suite is composed of arkosic 
sandstones, quartzites, and phyllites. The Middle Suite is representec 
by interbedded iron-rich and iron-poor rocks (ferruginous and meta- 
morphosed-shaly horizons). The Upper Suite contains well-developed 
mica and chlorite schists and carbonate rocks (Fig. 1). 

Rocks of the Krivoi Rog Series are crumpled into large isoclinal 
folds and are traceable, as bands, for distances of about 230 km 
roughly in a north-south direction. Geologic structures of these banc 
are described in the reports by N. P. Semenenko, Ya. N. Belevtsev, 
M. N. Dobrokhotov, and others [1, 2, 3, 4]. 

Let us consider first changes in the mineralogical composition of 


the rocks in the course of progressive metamorphism and, later, 
changes in their chemical composition. 


CHANGES IN MINERALOGICAL COMPOSITION 


The degree of metamorphism of rocks is not the same in different 
areas. This enables us to make comparisons between rocks in differ 
ent stages of metamorphism, by way of a basic approach to the probl. 
of mineralogical variations at different levels of metamorphism. 
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The weakly metamorphosed 
ocks may be divided into three 
roups: 

A. Rocks high in aluminum but 
elatively low in iron 

B. Rocks high both in aluminum 
nd in iron 

C. Rocks high in iron but very 
yw in aluminum 

Let us consider now these three 
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Group A. Rocks high in aluminum 
ut relatively poor in iron. 
This group is represented by 


: : : 4 Fig. 1. Profile of Krivoi 
uartz-chlorite-mica microschists, i pote Cee ae 


Series* (vicinity of Krasnaya 


f low grade metamorphism. The Gvardiya mine). 1—Greenstone 
licas are biotite and sericite. rocks underlying the Krivoi Rog 
arying amounts of carbonates, ore Series; 2—Krivoi Rog Series, 

ist, and carbonaceous substance Lower Suite; 3—Krivoi Rog Se- 


ries, Middle Suite; 4—Krivoi 


re also present. Pyrite and tour- 
Rog Series; Upper Suite. 


ialine may be found as accessories. 
uartz and feldspar fragments are 
resent in some horizons. 

A recrystallization of the miner- 
s took place during the progressive metamorphism. Larger grains 
‘biotite and quartz and, later, of muscovite began to appear in the 
ne-grained mass of the rock. The recrystallization of chlorite was 
‘companied by a diminution in its amount in the rock. The carbon- 
es disappeared. The micro-schists were transformed into musco- 
te-biotite-quartz or into chlorite-muscovite-biotite-quartz schists. 
ommonly garnet (almandine) was developed, in the iron-rich varieties 
schists. 

Upon further increases in temperature and pressure, the recrystal- 
zation of micas and quartz continued, while chlorite disappeared. 
1ere was an increase in the content of quartz, to a certain degree. 
iring the most advanced stage of the metamorphism, the feldspars 
ade their appearance (oligoclase, albite-oligoclase, microcline), as 
211 as sillimanite. The typical paragenetic associations are as 
llows: 

quartz-biotite-muscovite (with or without sillimanite and feldspars); 

quartz-biotite-musc ovite-garnet (occasionally with sillimanite). 


eries and Suites of Krivoi Rog have no generally accepted definitions and are 
ubject to controversy, according to Stratigraficheskii Slovar SSSR; Gosnauch- 


khizdat, 1956, 1,283 pp., pp. 504-505. 
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Among the accessory minerals, one may find zircon, apatite, tour- 
maline, pyrite. The ore dust was partially recrystallized as magnetite 

During regressive metamorphism, garnet and micas were chloritiz 
oligoclase was sericitized and albitized, carbonate made its appearanc 
and quartz was recrystallized, while schist was silicified to an appre- 
ciable degree. 


Group B. This group may be broken into two subgroups: 

1. Chlorite and quartz-chlorite schists and micro-schists 

2. Magnetite-chlorite and magnetite-stilpnomelanite schists and 
microschists 

During progressive metamorphism, a partial recrystallization of 
chlorite took place in chlorite schists and micro-schists. Nuclei of 
biotite formed as porphyroblasts, with the subsequent appearance of 
garnet (almandite) and amphibole (cummingtonite-grunerite). The 
chlorite content of the rock went down and carbonate disappeared en- 
tirely. Garnet-biotite-amphibole-chlorite and biotite-amphibole- 
chlorite schists were formed. 

Later on, amphibole and garnet recrystallized and chlorite disap- 
peared. The results were garnet-amphibolite and amphibolite schists, 
with or without biotite, containing subordinate quantities of magnetite 
and quartz and, among the accessory minerals, zircon. 

Garnet-amphibole-quartzite and amphibole-quartzite schists were 
the results of the metamorphism. 

During regressive metamorphism, there was chloritization of gar- 
net, replacement of amphibole by biotite and hydrobiotite and develop- 
ment of carbonate and quartz. 

Magnetite-chlorite schists and micro-schists are characterized by 
the following paragenetic associations, in the early stage of their 
metamorphism: 

chlorite-magnetite-quartz; 

chlorite-magnetite-carbonate-quartz. 

The corresponding associations in stilpnomelane schists and micrc 
schists are: 

stilpnomelane-magnetite-quartz; 

stilpnomelane-magnetite-carbonate-quartz. 

Mica in the foregoing varieties of rock is generally described as 
biotite, even though the analytical data, however few, are indicative of 
its low-alkali content, to the point that the mica in question may be 
stilpnomelane and not biotite. This tentative conclusion must be veri: 
fied by further studies of magnetite-mica schists. 

Progressive metamorphism of these rocks has its early expressio 
in recrystallization of the minerals, whereupon there begins an inten- 
sive development of amphibole (cummingtonite-grunerité which repla 
chlorite and carbonate (siderite) quantitatively and also replaces mic: 
to some extent. Stilpnomelane is converted into biotite. The results 
are quartz-magnetite-amphibole and quartz-mica-amphibole schists. 


Garnet (almandine) is found more rarely in these schists than in the 
rocks of the former subgroup. 
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Group C. Rocks rich in iron but very poor in aluminum. 

These rocks are represented by ferruginous quartzites and by iron- 
arbonate quartzites in the early stage of their metamorphism. They 
ire composed of quartz and hematite in the first case and of quartz, 
lematite, and siderite in the second. 

In the course of the metamorphism, hematite is replaced by magne- 
ite which is more stable in the new environments. The ore minerals 
re represented only by magnetite in the highly metamorphosed quartz- 
tes, with rare exceptions. 

The hematite-magnetite sequence is not unidirectional and is merely 
ndicative of the general trend. As a matter of fact, especially in the 
arly stages of the metamorphism, there were temporary regressions, 
oward the precursor environments, and the newly formed magnetite 
vas undergoing a conversion into martite. Thus magnetite made its 
sppearance in the ferruginous quartzites in the early stages of the 
netamorphism, in a metastable environment, wherein it was subjected 
O martitization, often to a considerable degree. Magnetite was re- 
ormed afterwards; mica (biotite or stilpnomelane?) also appeared, to- 
ether with amphiboles (alkali amphiboles and cummingtonite-grunerite) 
nd with partially recrystallized siderite and quartz. There was an 
mergence of amphibole-hematite-magnetite and of amphibole-magne- 
ite-hematite-carbonate-quartzites, with or without mica. Later on, at 
ncreasing temperatures and pressures, siderite, hematite, and mar- 
ite disappeared, while amphiboles, mica, quartz, and magnetite were 
ecrystallized, with the resulting mica-amphibole-magnetite and 
mphibole-magnetite quartzites. 

Appearance of large grains of pyroxene (generally aegirite or 
egirite-augite), alkali amphiboles, and microcline is typical for side- 
itic varieties of quartzite which contain dark mica. 

These rocks were formed in the following manner: 

In the beginning there was a partial recrystallization of quartz, 
iderite, mica, and magnetite and a formation of microcline, alkali 
mphibole, and pyroxene. Accessory minerals were represented by 
patite. The rock became coarser-grained later, because of the growth 
f pyroxene grains as well as of alkali amphibole, quartz, and magne- 
ite. There was a complete disappearance of siderite and a decrease 
1 the proportion of mica in the rock. There was a development of 
lic rocline -mica-pyroxene-amphibole-magnetite quartzites. 

During regressive metamorphism, carbonates (dolomite, calcite) 
ere developed around pyroxene and amphiboles; hydromicas and 
hlorite appeared; there was a partial martitization of magnetite and, 

» some extent, a silicification. 

Let us consider now a concrete example of a change in the mineral- 
zical composition of rocks during a progressive metamorphism. The 
hange is to be illustrated by a comparison of four areas in the north- 
rn part of Saksagan Band and in Annovskaya Band (Fig. 2). 

The extent of metamorphism in this area is associated, first of all, 
ith the growth of temperatures and pressures, increasing from south 
» north, area by area. 
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Alternations of different 
rock types are fairly common 
in the Middle Suite, in the 
majority of the cases. These 
alternating rocks were meta- J 
morphosed at the same tem- SS 7 
peratures and pressures. 

In the vicinity of the 4 
Krasnaya Gvardiya Mine, 
where the rocks are only 
weakly metamorphosed, we 
may observe the following 
pattern in the lower part of 
the Middle Suite: 


Group A. Micaceous micro- 
slates are weakly retrogres- 
sive; isolated relatively coarse 
grains of quartz and biotite are 
found in the fine-grained 
matrix. 


Group B. (Subgroup 1). 
Biotite porphyroblasts are 
present in quartz-chlorite 
micro-schists. Amphibole 
and garnet are absent. 


Group B (Subgroup 2) and 
Group C are represented by 
quartz-mica-magnetite- 
amphibole schists and by mica- 
amphibole-magnetite quartzites 
in which cummingtonite- 
grunerite is abundantly dis- 
tributed. 

The upper part of the 
Middle Suite is composed 
chiefly of the Group C and 
Group B (Subgroup 2) rocks, 
including quartz, siderite, 
magnetite, hematite, cummingtonite-grunerite, mica, and, in one hori 
zon, also aegerite, microcline, and alkali amphibole. Apatite is prese 
as an accessory mineral. Recrystallization of the minerals is notice- 
able in the rocks. 

In the vicinity of Krasnyi Partizan Mine, the lower part of the 


Middle Suite is metamorphosed more extensively than it is in the pre. 
ceding area. 


1 


Fig. 2. Outline map of test areas. 1- 
Rocks of the Middle Suite of the Kriv« 
Rog Series; 2—Areas of comparison. 
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Group A. Alongside biotite and quartz, in mica schists, muscovite 
is also recrystallized; some chlorite remains; zircon may be found. 


Group B (Subgroup 1). Alongside chlorite, biotite, amphibole, and 
rnet are developed abundantly in the schists. 


Group B (Subgroup 2). Magnetite was recrystallized in magnetite- 
ilpnomelane schists and amphibole (cummingtonite-grunerite) is well 
veloped. 


Group C. This group is represented by mica-magnetite-amphibole 
artzites. Siderite is rare, although it should be noted that there is 
ry little siderite, as a rule, in the lower part of the Middle Suite, 

d in the northern. part of the Saksagan Band, even in the weakly meta- 
orphized rocks of this group. 

On a comparison of this area with the preceding one, one may see 
at muscovite was recrystallized in the mica schists (Group A), to- 
ther with biotite, quartz, and, locally, chlorite. The rocks of Group 
(Subgroup 1) contain amphibole and garnet, in addition to chlorite and 
otite. 

In the vicinity of the Krasnyi Partizan Mine, rocks in the upper part 
the Middle Suite, belonging chiefly to Groups C and B (Subgroup 2), 

e less metamorphosed than the rocks in the lower part of the Suite 

d it is possible to trace the decrease in the intensity of the metamor- 
ism in the profile, from the bottom up. It appears that, in this par- 
ular case, intensity of the metamorphism was seriously affected by 

2 granites underlying the Krivoi Rog Series in intrusive contact with 
2 amphiboles. 

In the vicinity of the southern end of the Annovskaya Band, the fol- 
wing situation is observed in the lower part of the Middle Suite: 


Group A is represented by muscovite-biotite-quartz schists in which 
rnet is fairly common. Practically no chlorite is left (this does not 
ply to the chlorite which is replacing micas and garnet and which was 
"med in the regressive metamorphism). The micro-schists are 

sent. 


Group B (Subgroup 1) is represented by garnet-biotite-amphibole 
garnet-amphibole schists. Locally, there are schists containing 
ompletely replaced chlorite. 


Group B (Subgroup 2) is represented by magnetite-mica-amphibole 
ists. 


Group C consists of magnetite-amphibole and magnetite-mica- 
phibole quartzites. 

‘Mica-magnetite-amphibole quartzites (Group C) are abundant higher 
in the profile, together with subordinate quantities of mica-magnetite- 
ghibole schists (Group B, Subgroup 2). Both cummingtonite-grunerite 
) alkali amphiboles may be found in the rocks of Group C. Siderite is 
ind more rarely than in the low-temperature metamorphics and is 

vent wherever amphiboles are abundant. 
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Consequently, micro-schists are no longer encountered in the next 
to the first stage of the metamorphism. Garnet appears in the mica 
schists (Group A). The amount of chlorite decreases in the schists of 
Group B, Subgroup 1, although some chlorite is still found. The same 
applies to siderite in the rocks of Group C. 

In the northern part of Annovskaya Band, in the area of most highly 
metamorphosed rocks, feldspar and, occasionally, sillimanite are 
present in mica schists of Group A. Group B, Subgroup 1 is repre- 
sented by garnet-biotite-amphibole and biotite-amphibole schists. 
Chlorite is replaced completely by the minerals of which the rock is 
composed. Siderite is replaced completely in mica-magnetite- 
amphibole and in mica-microcline-amphibole-aegirite -magnetite 
quartzites (Group C). Only carbonates (dolomite, calcite), which were 
formed during regressive metamorphism and by which the other min- 
erals were replaced, may be found here, in places. 

The following conclusions may be drawn from the foregoing consid- 
erations: chlorite disappeared from the schists of Groups A and B 
(Subgroup 2) in the earlier stages of the metamorphism than from the 
schists of Group B (Subgroup 1); siderite remained longest in the fer- 
ruginous quartzites (Group C); amphiboles in rock groups C and B 
(Subgroup 2) appeared at an earlier time, in the metamorphism, than | 
in the schists of Group B (Subgroup 1); garnet appeared first inthe | 
chlorite schists and later in the mica schists. 

Thus one and the same mineral would appear or disappear in diffe 
ent stages of the metamorphism, in rocks of different kinds. 


CHANGES IN CHEMICAL COMPOSITION 


We shall be making use of the diagrams of Figure 3* in our discus 


sion of changes in the chemical composition of rocks during progres- 
sive metamorphism. 


PRINCIPLE OF THE DIAGRAM 


Percentages by weight are expressed as atomic quantities. 
[Editor’s note: First oxide weight percentages of standard chemical 
ae are converted to ionic weight percentages for Si, Al, Fet$, 
Fe'", Mg, Ca, Na, K, and C (from COz). Then these ionic weight per 
centages are divided by their respective atomic weights to give ionic 
weight proportions. Each ionic weight proportion is finally divided b 
the sum of the proportions for all nine constituents. This quantity 


*In the preparation of these diagrams, we used the data of: 


= F. Anikeeva G. V. Zhukov A. S, Pavlenko N. P, Semene 
oe Belevtzev P, M. Kanibolotskii R. P. Petrov A. I, Tugarino 
- N. Dobrokhotov K, P, Liaschenko Yu. I. Polovinkina M.S. Tsibulsk: 


Vise Domakey A. P. Nikolskii N. I. Polovko I. V. Aleksand 
R, P. Dubinkina and others 
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expressed as per cent is termed “atom per cent” in the following dis- 
cussion.] The recalculated analytical data are plotted on the diagrams. 
The ordinate is the sum of the atom per cent of Fe* and Fe?t: the ab- 
scissa, the atom per cent of every one of the elements here listed, in- 
cluding Fe** and Fe?* individually. Thus the same analysis is always 
found at one and the same level in all diagrams, on the ordinate, and it 
is possible therefore to locate analyses in different diagrams fairly 
easily, and also to ascertain relationships not only between iron and 
some other single element but between any two of any other elements. 

The diagram Ca - (Fe**t + Fe?*) is not included here because cal- 
cium content of the rocks is generally less than 2 atom per cent, i.e., 
is very low. Wherever Ca exceeds 2 atom per cent, the case is treated 
separately in the text. 

The rocks in the diagrams are divided into the groups already de- 
scribed; in some cases the groups are divided into subgroups. Analysis 
numbers in every subgroup are cardinal numbers arranged in the in- 
creasing order of iron content. The lines are boundaries of the areas 
in which analyses, within the subgroups, are abundant. Names of the 
rocks are the same as they are in the original sources. 


GROUP A 
Mica Schists and Micro-Schists (fields 1 and 2, Fig. 3) 


This group is represented in the diagrams by quartz-biotite- 
sericite schists and by micro-schists containing subordinate quantities 
of chlorite, as well as by their relatively highly metamorphosed ana- 
logues: biotite-muscovite-quartz schists containing occasionally 
plagioclase. The abundantly distributed garnet-mica schists forma 
separate subgroup for which we could find but a few chemical analyses 
on record. 

The relatively weakly metamorphosed mica schists and micro- 
schists (Fig. 3) are as follows: 

1. Slate schist, sericite-biotite-quartz. Popelnastovskii Uchastok. 
E. V. Romanishina, analyst [1]. 

2. Slate schist, quartz-sericite. Popelnastovskii Uchastok. P. P. | 
Makhovka, analyst | 1]. 

3. Quartz-mica schist. Kremenchug Band (Na2O + K,O = 5.85% by 


wt). 
4. Quartz-mica schist. Kremenchug Band (Na,O + K,O = 4.88% by 
9. Quartz-mica schist. Kremenchug Band (NazO + K2,0 = 5.08% by 
6. Quartz-biotite micro-schist. Northern part of Saksagan Band. 


A. N. Axelrod, analyst [ode 


7. Quartz-biotite micro-schist. Northern part of Saksagan Band. 
M. T. Selyutina, analyst. 


ef AS sericite and quartz increase in schists, at the expense of biotite 
1 increases also, while Fe decreases and Al shows an insignificant 
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increase (analyses 1 through 7); as sericite increases at the expense of 
biotite and quartz, there is a decrease in Fe, an increase in Al, while 
Si remains practically unchanged (analyses 2 through 7). Fe?+ is 
igher than Fe°* in most of the schists (biotite, chlorite) with the ex- 
eption of Analysis No. 5, in which Fe?" is higher than Fe?* because 
of included dusty hematite. Mg content varies from 2 to 6 atom per 
cent; K content, from 5 to 6 atom per cent; Na and Ca are low in 
schists; CO,2 is included in the loss-on-ignition and is not determined 
separately. 
The relatively highly metamorphosed mica schists include: 
| 8.* Muscovite-albite-quartz schist. Zheltorechenskaya Band. A.V. 
meenkova, analyst. 

9.* Biotite-muscovite-quartz schist. Zheltorechenskaya Band. 
A. V. Zmeenkova, analyst. 
10. Quartz-biotite schist. Zheltorechenskaya Band. 
11.* Muscovite-biotite-quartz schist with plagioclase. Zheltorechen- 
skaya Band. I. V. Aleksandrov, analyst. 
_ 12. Mica schist. Zheltorechenskaya Band. A. N. Axelrod and B. S. 
Kopelevich, analysts. 
During the progressive metamorphism, in Group A, there is a ten- 
Jency toward an increase in Si and a decrease in Fe and Al. The first 
‘endency is showing in iron-rich schists; the second one, in alumina- 
sich weakly metamorphosed schists. There is a decrease in Mg, in 
30ome cases. As plagioclases make their appearance, Na increases. 
evelopment of micas at the expense of chlorite is conducive to higher 
c 


GROUP B 


thlorite, Magnetite-Chlorite and Magnetite-Stilpnomelane Schists and 
Micro-Schists (field 3, Fig. 3) 


13. Slate schist, quartz-chlorite. Popelnastovskii Uchastok. 

'. Dokhlenko, analyst. 

14. Knotty quartz-garnet-chlorite schist. Popelnastovskii Uchastok. 
|}. A. Panchenko, analyst. 

15. Garnet-chlorite-quartz-biotite micro-schist. Northern part of 
e Saksagan Band. K. A. Baklanova, analyst (NazO absent; 0.10% K2O 
y weight. Apparently stilpnomelane and not biotite in the rock - I. A.). 
16.* Chlorite schist. Quartz, cummingtonite-grunerite, and magne- 
ite are present in subordinate quantities. Saksagan Band, northern 
rt. A. V. Zmeenkova, analyst. 

17. Chlorite schist. Dzerzhinskii Mine. 

18. Garnet-chlorite schist. Saksagan Band. K. A. Baklanova, 
nalyst. 

19.* Chlorite schist. Quartz, magnetite, and cummingtonite- 
runerite are present in subordinate quantities. Saksagan Band, 


Analyses of the rocks marked by an asterisk are reported in Table 1. 
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northern part. K. A. Baklanova, analyst. 

20.* Magnetite-stilpnomelane schist. Cummingtonite and carbonate 
are present in subordinate quantities. Saksagan Band, northern part. 
A. V. Zmeenkova, analyst. 

21. Chlorite schist. Inguletz River, left bank [6]. 

Chlorite, garnet, stilpnomelane, and magnetite increase in the rocks 
at the expense of quartz, with a concurrent increase in the total iron 
and a decrease in silica. There is more Fe?‘ than Fe** (more ferru- 
ginous silicates than magnetite). The more Fe°*, the less Fe?* and Al 
because magnetite increases at the expense of ferruginous silicates 
(compare analysis 17 and 20 with 18 and 21 respectively; in each pair 
of analyses the sum of Fe?* and Fe°* is about the same). Since fer- 
ruginous silicates increase at the expense of quartz (and not at the 
expense of magnetite), the content of Al and Fe**t goes up, as Si goes 
down (compare analyses 15 and 18, where Fe*+ is the same in both). 

Mg varies from 5 to 14 atom per cent, depending on its original 
content. There are no significant variations in the concentrations of 
other constituents. The alkalies and Ca are low in the schists. 


Subgroup. Garnet-Amphibole and Garnet-Pyroxene Schists (field 4, 
Fig. 3) 


22. Garnet-cummingtonite-biotite-quartz schist. Northern part of 
Saksagan Band. L. N. Chuenko, analyst. 

23. Cummingtonite-biotite-quartz schist. Zheltorechenskaya Band. 
M. I. Makarova, analyst. | 

24. Garnet-cummingtonite-biotite schist. Northern part of Saksaga 
Band. O. R. Kolysheva, analyst. 

25. Garnet-biotite-amphibole schist. Zheltorechenskaya Band. A.} 
Axelrod and B. S. Kopelevich, analysts. 

26. Garnet-biotite-amphibole schist. Zheltorechenskaya Band. 
M. P. Chinevoa, analyst. 

27. Cummingtonite-garnet ferrohypersthene quartzite. Zelenovskii 
Uchastok. S. A. Panchenko, analyst. 


28. Garnet-biotite-cummingtonite schist. Northern part of Saksage 
Band. A. N. Axelrod, analyst. : 


29. Garnet-pyroxene rock. Zelenovskii Uchastok. S. A. Panchenke 
analyst [1]. } 
As iron increases, there is a decrease in silica. This is related to 
the increasing content of ferruginous silicates in the rocks and the de- 
creasing content of their quartz. There is a parallel increase in Fe” 
in relation to Fe?*, Aluminum varies from 3.5 to 13 atom per cent. 
While iron is increasing, aluminum either increases (there is mor 
garnet, biotite, but less quartz) or remains practically unchanged 
(there iS more pyroxene, amphibole, but less quartz). Mg fluctuates 
within the range of 4 to 9 atom per cent, with a slight tendency towar 


* 
Analyses of the rocks marked by an asterisk are reported in Table 1. 
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igher concentrations in the somewhat more highly ferruginous rocks. 
sa, K, and Na do not exceed 1 to 2 atom per cent. 

_ Judging by rock samples Nos. 27 and 29, pyroxenes are developed 
eferably in the relatively ferruginous varieties of schists. 


tbgroup. Magnetite-Amphibole Schists (field 5, Fig. 3) 


30. Biotite-magnetite-amphibole-quartz schist. Zheltorechenskaya 
jand. A. V. Zmeenkova, analyst. 

31. Magnetite-amphibolite schist. Zheltorechenskaya Band. A. N. 
xelrod, analyst. 

32. Magnetite-garnet-grunerite schist. Zheltianskii Uchastok. 

. P. Makhovka, analyst [1]. 

oS. Magnetite-grunerite-ferrohypersthene quartzite. Zelenovskii 
chastok. E. V. Romanshina, analyst. 

| 34. Magnetite-amphibole schist. Zheltorechenskaya Band. A. N. 
xelrod, analyst. 

35. Magnetite-cummingtonite schist with garnet. Northern part of 
ksagan Band. M. P. Chinenova, analyst. 

36. Magnetite-amphibole schist. Zheltorechenskaya Band. A. N. 
xelrod, analyst. 

37. Magnetite-grunerite-ferrohypersthene quartzite. Zelenovskii 
ichastok. E. V. Romanishina, analyst. 

_ 38. Magnetite-cummingtonite schist. Popelnastovskii Uchastok. 
| A. Panchenko, analyst. 

As iron increases, there is a decrease in silica and alumina (the 
ocks have less quartz and more ferruginous silicates). Fe** exceeds 
e*t (more ferruginous silicates than magnetite). The Fe°*:Fe?* ratio 
; higher than in garnet-amphibole schists. Al varies from 0.5 to 7 
tom per cent; Mg varies from 4 to 9%. Ca, Na, K do not exceed 1 to 2 
tom per cent. 

- Silica increased appreciably in rocks of Group B during the pro- 
ressive metamorphism, while alumina decreased concurrently. There 
ere no significant changes in the iron content. It is possible that there 
as a faint tendency toward higher percentages of iron, because of a 
ertain decrease in the volume of the rocks during the metamorphism 
nd because of the relative inertness of iron. There were no variations 
1 the Fe°*:Fe?* ratio. Mg content decreased. Ca, K, and Na were 

yw, even as formerly. As carbonates disappeared from the schists, 
ere were corresponding decreases in CO, content. 


GROUP C 


sbgroup. Hematite and Martite-Hematite Quartazttes (field 6, Fig. 3) 


The least metamorphosed ferruginous quartzites are included in this 
ibgroup. They are composed of hematite, quartz, and an almost com- 
etely martitized magnetite. Their high Si and Fe** and their low 
sntent of other elements is due to their mineralogic composition. 
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39. Ferruginous hornfels. Balka (Gulley) Dubovaya. 

40. Iron mica jasper. Popelnastovskii Uchastok. S. A. Panchenko, 
analyst [1]. 

41. Martite-ironmica jasper. Kremenchug Band. 

42. Martite-ironmica jasper. Popelnastovskii Uchastok [1]. 

43, Martite quartzites (average of K,” beds). Kremenchug Band [4] 

44, Hornfels and martite jaspers (average of 3 analyses). | 
Kremenchug Band. 

45. Martite jasper. Popelnastovskii Uchastok. Nadrudnaya (“over- 
ore”) Suite [1]. 

46. Iron mica jasper. Popelnastovskii Uchastok [1]. 

47. Martite-ironmica jasper. Popelnastovskii Uchastok [1]. 


Subgroup. Siderite-Hematite and Siderite- Magnetite-Hematite Quartz- 
ites (field 7, Fig. 3) 


48. Siderite-magnetite-hematite quartzite (2.85% CaO by weight; a 
few veinlets of dolomite). Northern part of Saksagan Band. I. V. 
Aleksandrov, analyst. 

49. Siderite-hematite-quartz hornfels. Popelnastovskii Uchastok. 
S. A. Panchenko, analyst. 

50. Siderite-hematite-quartz hornfels. Popelnastovskii Uchastok. 
S. A. Panchenko, analyst. 

51. Siderite-hematite-magnetite quartzite. Northern part of Sak- 
sagan Band. I. V. Aleksandrov, analyst. 

Four analyses are obviously insufficient for a characterization of 
this subgroup, especially since they are on rocks in different stages of 
the metamorphism: Nos. 49 and 50 are the least metamorphosed; Nos. 
48 and 51 are metamorphosed to a somewhat greater degree. 

The uniform CO, content is noticeable in.all of the analyses, al- 
though this uniformity requires verification, in order to make sure that 
it is typical of the iron-carbonate quartzites. 


Subgroup. Hematite-Magnetite Quartzites (field 8, Fig. 3) 


92. Ferruginous hornfels. Right bank of Saksagan River [6]. 

53. Magnetite quartzites (average of K,”) Kremenchug Band [4]. 

54. Magnetite-hematite-martite jasper. Zheltianskii Uchastok. 
P. P. Makhovka, analyst. 

55. Martite hornfels. Northern part of Saksagan Band. 

56. Magnetite-martite-ferromica jasper. Popelnastovskii Uchastok 

The rocks in this subgroup are somewhat more metamorphosed thal 
the hematite quartzites. Magnetite was formed at the expense of hema 
tite, with a concurrent increase in Fe”* and a decrease in Fe?*. Also. 
in the more thoroughly metamorphosed rocks (Nos. 53 and 55), there i 
a Eo noase in Si and an increase in Al and Mg, paralleling the decreas 
in Fe ; this is due to a partial replacement of quartz and hematite by 
micas, chlorite, and possibly amphibole. Small amounts of carbonate 
are present in some rocks. 


Let us pass now to the highly metamorphosed rocks of Group C. 
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Subgroup. Magnetite-Amphibole Quartzites (field 9, Fig. 3) 


57. Mica-magnetite-amphibole quartzite. Zheltorechenskaya Band. 
A. V. Zmeenkova, analyst. 

58. Magnetite-amphibole quartzite. Annovskaya Band. 

59. Magnetite amphibole quartzite. Zheltorechenskaya Band. A. V. 
‘Zmeenkova, analyst. 

60. Ferruginous hornfels. Zheltorechenskaya Band. 

61. Amphibole-magnetite hornfels. Zheltorechenskaya Band. A. N. 
‘Axelrod and B. S. Kopelevich, analysts. 

62. Ferruginous hornfels. Zheltorechenskaya Band. 

63. Amphibole-magnetite hornfels (2.23% CaO by weight). Northern 
part of Saksagan Band. M. P. Chinenova, analyst. 

64. Magnetite-amphibole quartzite. Annovskaya Band. A. N. 
elrod, analyst. 

_ 65. Amphibole-magnetite-quartz hornfels. Zheltnianskii Uchastok. 
P. P. Makhovka, analyst. 

66. Cummingtonite-magnetite hornfels (2.41% CaO by weight). 
‘Northern part of Saksagan Band. 

67. Carbonate-amphibole-magnetite quartzite. Northern part of 
Saksagan Band (little carbonate in the rock, judging by the 0.60% CO,, 
by weight). 

68. Magnetite hornfels. Zheltorechenskaya Band. M. P. Chinenova, 
analyst. 

As iron increases, there is a noticeable decrease in silica (more 
magnetite and amphibole; less quartz). There is more Fe*~ than Fe?+t 
in the rocks, as the increasing iron content is due chiefly to Fe**. Al 
is variable, from zero to 7 atom per cent; Mg varies from 1.5 to 5.5 
atom per cent. Magnesium is lower than in magnetite-amphibole 
schists, because there is less iron silicate in the quartzites. Na, a 
onstituent of the alkali amphiboles, does not exceed 1 to 2%, as a rule. 
K and Ca are also not over 1 to 2% (except in Nos. 63 and 66 which are 
somewhat higher in Ca). Some of the rocks in this subgroup contain 
small amounts of chlorite and carbonate developed during regressive 
metamorphism. 


ubgroup. Amphibole-Pyroxene-Magnetite Quartzites 


69. Amphibole-magnetite hornfels with aegirite and alkali amphi- 
oles. Zheltorechenskaya Band. A. N. Axelrod and B. S. Kopelevich, 

analysts. 
70. Amphibole-magnetite hornfels with aegirite. Zheltorechenskaya 
Band. A. N. Axelrod and B. S. Kopelevich, analysts. 
1. Amphibole-magnetite hornfels with alkali amphiboles and aegi- 
rite. Zheltorechenskaya Band. A. N. Axelrod and B. S. Kopelevich, 
analysts. 

72. Amphibole-pyroxene-magnetite quartzite. Zelenovskii Uchastok 
{2.1% CaO by weight). S. A. Panchenko, analyst. 
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ioe Magnetite-amphibole -aegirite-quartz rock. Annovskaya Band. 
V. M. Kovyazina, analyst. 

74. Aegirite-magnetite quartzite. Zelenovskii Uchastok (2.1% CaO 
by weight). S. A. Panchenko, analyst. 

75. Augite-hypersthene-magnetite quartzite. Zelenovskii Uchastok. 
S. A. Panchenko, analyst [1]. 

Analyses of amphibole-pyroxene-magnetite quartzites have no inde- 
pendent boundaries in the diagram (Fig. 3). They are distributed 
among analyses of the most highly ferruginous magnetite -amphibole 
quartzites. : 

In rocks of Group C, during progressive metamorphism, while | 
hematite quartzites were undergoing conversion into amphibole-magne- 
tite and amphibole-pyroxene-magnetite quartzites, the Si content de- 
creased and Al content increased, in several instances, alongside a 
slightly increasing Mg; concurrently, there were no appreciable changes 
in Fe, although Fe? * tended to increase at the expense of Fe**. There 
were no changes in Ca, for all practical purposes, while there was a 
small increase in Na and K. 

CO, disappeared in iron-carbonate quartzites, while Si remained 
essentially unchanged and Na and K were showing a tendency toward a 
slight increase and the other elements changed in their concentrations 
very much like in the hematite quartzites. 

Let us now compare the behavior of different elements, grouped 
here under three categories: 

a) Elements whose concentration remained practically unchanged 
during progressive metamorphism. Iron belongs to this category. 

b) Elements whose concentration changed during progressive meta- 
morphism, increasing in some rocks, while decreasing in others. 
Silicon, aluminum, and magnesium are in this category. 

c) In contrast with the preceding categories, constituents whose 
concentrations in the rocks either consistently increased or decreased, 
without reversals, during the metamorphism. Sodium, potassium, and 
CO: are in this category. 

Iron. It is evident from the results shown in Table 2, which are the 
same as in the diagrams, that the total iron content of these rocks, on 
the whole, was about the same, regardless of the degree of the meta- 
morphism. As previously stated, it is not easy to ascertain increases 
or decreases of this element in highly ferruginous rocks. Probably 
there was neither. There was a partial withdrawal of iron from 
certain varieties of mica schists. 

There was no reduction of Fe** in schists of Group B. In rocks of 
Group C where Fe** content was high, iron was undergoing reduction 
to a significant extent, but only up to a certain threshold of the Fe?+ 
concentration which was lower than it was in the rocks of Group B. 
There were no significant changes in the range of the variation of 
iron (Table 2). This range was very large, in keeping with the high 
degree of the differentiation between the rocks with respect to their 
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iron content. This was due both to the 
distribution of iron during the sedi- 
mentation and, undoubtedly, to its inert- 
ness during the progressive metamor- 
phism. 

Silicon. The content of Si in the 
rocks tended to increase, on the whole, 
on transition from low to high degree of 
the metamorphism (Table 2). We must 
not overlook, however, that, while rocks 
of Group B were being significantly en- 
riched with respect to Si, the Si enrich- 
ment remained negligible in Group A 
and the ferruginous quartzites of Group 
C lost silica. The range of Si variation 
was large and was unaffected, it ap- 
pears, by progressive metamorphism. 

Aluminum. The tendency, on the 
whole, is toward lower amounts of 
aluminum. This is especially clear in 
ferruginous rocks (Table 2). However, 
while the aluminum content was de- 
creasing substantially in the schists of 
Group B, there were isolated cases of 
its increase in the rocks of Group C. 
The range of aluminum variation is 
large enough from the start; it tends to 
grow more narrow during the meta- 
morphism. 

Magnesium. Magnesium content of 
rock in Group B decreased during the 
metamorphism, while magnesium con- 
tent of rocks in Group C increased. 

The range of Mg variation was narrowed 
in the process from 14 to 8 atom per 
cent. Mg resembled Al in its behavior. 

Thus silicon, aluminum, and magne- 
sium were lost by some rocks of the 
Middle Suite and were gained concur- 
rently by some others, in the course of 
the metamorphism. 

We observe a tendency, for Si, Al, 

‘ and Mg, toward a more or less uniform 
distribution in the rocks of Groups B 
and C, although the full uniformity is 
not attained and the distribution process 
is halted at certain levels which are 


Table 2. 


Range of Variation, atom per cent 


Relatively weakly 
metamorphosed rocks 


Content of Element in Rocks, atom per cent 


Relatively weakly 
metamorphosed rocks 


Relatively highly 
metamorphosed rocks 


Relatively highly 
metamorphosed rocks 


Element 


53 
36 
21 


3 to 56 
37 to 73 
0 to 21 


4 to 56 
27 to 65 
0 to 27 


Iron 
Silicon 
Aluminum 


Aluminum in ferruginous 


27 


0 to 27 0 to 13 


rocks (Groups B and C) 


Magnesium 


14 


Litouelo 


0 to 14 


ROCK ALTERATION DURING METAMORPHISM 81 


pecific for the given kind of rock. These levels are determined by 
everal factors: chemical and mineralogic composition of the rock; 
omposition of the solutions (primarily by the amounts of alkalies, 
arbonic acid, and oxidizing agents); environments of the process 
emperature, pressure); geologic environments (position of the rock 
ith respect to other rocks). 

No conclusion may be made, to the effect that losses of an element 
rom a given rock are entirely compensated by gains of the same ele- 
1ent in some other kind of rock. For example, substantial losses of 
lumina by chlorite schists, and others, in Group B are demonstrable, 
nd yet there is no evidence of substantial gains of alumina in any 
ther rock. Minor increases of Al are noticeable in ferruginous 
uartzites, but we would strain our point excessively, were we to 
ssume that these gains are compensated by losses of aluminum by 
chists of Group B. 

Sodium, Potassium, and COz. COz is withdrawn from the rocks as 
1e carbonates disappear during progressive metamorphism. Insignifi- 
ant gains of sodium and potassium in some rocks are recorded in 
everal cases. 

Such were the mineralogic and the chemical changes in the compo- 
ition of the rocks in the course of the progressive metamorphism. 
he migration of substance on the scale here examined could have 
uken place only in solutions. The movement of the solutions was 
iainly lateral, bed-by-bed and horizon-by-horizon, as long as the beds 
nd the horizons were undisturbed. There was also some migration 
cross beds and a measure of mixing of the solutions of unlike compo- 
ition along the contacts of beds and horizons of different kinds, which 
as conducive to the averaging of Si, Al, and Mg concentrations in the 
ocks, as already discussed. 

There was a state approaching equilibrium between the rocks and 
1e solutions at some time during the progressive metamorphism. 
his former relationship makes it possible for us simultaneously to 
‘eat rocks from a very extensive area. 

As the rocks were changing in their composition, the composition 
f the solutions in the rocks also underwent a change. Inasmuch as 
mnditions resembling equilibrium were effective, solutions developing 
1 the rocks of different composition were also different in their com- 
»sition during the progressive metamorphism. 

We must make now a few remarks about the diagrams in Figure 3: 

a) Our study does not include all of the rock types of the Krivoi Rog 
sries. The rock types which were not included would have their own 
roup boundaries. 

Boundaries of our groups and subgroups become broader, on plotting 
rger numbers of the analyses on the diagrams, especially if we in- 
ude analyses of the rock types representative of the intermediate 
etamorphic stages. 

b) Rocks from other magnetic anomalies in Ukraine have their own 
ecific characteristics. They require their own diagrams, for that 
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reason, or else a high degree of caution in the use of our diagrams for 


their interpretation. ae 

In conclusion, we give our thanks to L. V. Dmitriev, A. S. Pavlenko, 
A. I. Tugarinov, for their comments during the preparation of this 
paper, and to A. V. Shustrov, for his preparation of the graphs. 
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Abstract 


In natural conditions the mobility of elements as a function of a number of 
ariables may be determined by the way of a comparative study of the peculiari- 
ies in their behavior. For the Pyshma-Klyuchevskoe deposit an empirical 
eries of decreasing hypogene mobility of the elements has been established: S, 
‘e, Cu, Ni, Co, Au, Ag. 

The distribution of matter in the metasomatose is based on the principle of a 
ifferential mobility of elements established by D.S. Korshinski (4). 

As L. N. Ovchinnikov’s (7) investigations have shown this principle applies 
ven for small amounts of elements introduced by solutions, elements—admix- 
ures not affecting the course of mineral formation or the arise of paragenetic 
ssociations. 

The less mobile the element, the less constant is its concentration and there- 
re we Shall be able to detect more frequently and for less distances the alter- 
tions of the composition caused by the concentration inconstancy of this element. 
he more mobile the element, the more equalized is its concentration, the more 
riform is its distribution. 


The area of the present study is the central part of the Pyshma- 
lyuchevskoe deposit. Commercial ores of this deposit contain accumu- 
tions of cobalt, copper, gold, and silver, and have also some nickel, 
iolybdenum, selenium, and tellurium. 

Our main interest, in the course of this investigation, was given to 
ie behavior of cobalt and nickel in the host rocks of the Pyshma- 
lyuchevskoe, especially to their behavior in hydrothermally altered 
»cks in proximity to the ores which are widely distributed throughout 
e ore field. 

The appreciable depth of the exploratory boreholes, down to 700 me- 
rs, the shallow depth of the oxidized zone, the broadly distributed 
fidence of metasomatic phenomena—all of these make the Pyshma- 
lyuchevskoe deposit an exceptionally interesting area for the study of 
fferent characteristics of primary hypogene haloes. 

This report serves also as an illustration of the application of the 
nission-spectrographic analysis to the systematic studies of hypogene 
rimary) dispersion haloes of heavy metals. 
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GENERAL CHARACTERISTICS OF PYSHMA-KLYUCHEVSKOE 
DEPOSIT 


The mineralized ore field is associated with a band of porphyrites 
bordering on intrusions of ultrabasic rocks in the east and gabbros in 
the west. Tne porphyries have a north-south trend. 

Rocks of an effusive complex, represented by porphyrites of differer 
kinds, are preponderant in the ore body. The mineralized band of por- 
phyrites was subjected to shearing and had preserved indications of in- 
tensively active post-magmatic hydrothermal processes which had led 
to the formation of listvenites and of metamorphic schists of chloritic, 
carbonate-chloritic, and of other types of composition. 

The most common effusive rocks in the ore body are represented by 
pyroxene, pyroxene-plagioclase, and diabase porphyrites and by amyg- 
daloidal lavas of the same composition. A large proportion of porphy- 
rites next to the ore bodies were transformed into porphyritoids by a 
severe dynamic and hydrothermal metamorphism, into metamorphosed 
transitional varieties of the porphyrite-schist series (developed chiefly 
next to the ore bodies). Porphyrites of different kinds are intermixed 
in their spatial distribution, without any clearly defined contacts, as 
they grade one into another. 

The Pyshma-Klyuchevskoe ores are represented by sulfide-bearing 
chlorite schists, carbonate-chlorite schists, and listvenites. Pyrite, 
chalcopyrite, pyrrhotite, and magnetite are the most common ore min- 
erals. 

Cobalt in the ores is associated chiefly with pyrite, to some extent 
with pyrrhotite, and to a still lesser extent with chalcopyrite. Copper i 
found chiefly as chalcopyrite. 

There was very little oxidation. Primary sulfides may be found al- 
ready at 20 to 40 meters below the surface. 

The Pyshma-Klyuchevskoe deposit is a system of ore-bearing zones 
showing complex mineralization associated with clearly expressed met 
asomatic alterations of the host rocks. This fact makes the deposit 
well suited for studies of relationships involved in the distribution of 
the primary dispersion haloes of heavy metals and of the characteris- 
tics of their behavior. 


PROCEDURES 


Studies of metasomatic alterations in the vicinity of ore bodies have 
attracted the attention of investigators for a long time. Metamorphical 
ly altered rocks near ores are ores themselves, on many occasions co 
taining tremendous reserves of metals. It is difficult to overestimate 
the prospecting importance of altered rocks bordering on the ore—the 
major indications of blind ore bodies. Study of metamorphism in the 
vicinities of ores is a subject also of a considerable theoretical intere 


Fi ae pointed out by Academician S. S. Smirnov on several occasions 
3. Oe 
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Drillcores are the test materials. The cores are sampled systema- 
cally, on a relatively close grid, concurrently with their examination. 
he cores are sampled every two meters, if they are chiefly varieties 
(porphyrites. In the case of carbonate-chlorite rocks, listvenites, and 
her metasomatic formations, the cores are sampled every meter. 20 
res altogether were examined and sampled systematically for the 
resent study. 

S. S. Smirnov [8] attributes major importance to the spectrographic 
ethod in studies of rock alterations near the ore. In our numerous 
aalyses for cobalt and nickel [1], we followed the spectrographic proce- 
ire suggested by S. A. Borovik [2] with the utilization of the background 
| the spectrograms. 

3412 spectrograms were taken in our study. Every sample was an- 
lyzed for cobalt, nickel, and copper. The total number of the analyses 
as 10,236. 


COBALT 


Concentrations of cobalt in the samples where it is present vary 
ithin the range of tenths and hundredths of one per cent. Cobalt peaks 
-e found in the carbonate-chlorite rock zones, as a rule. Series of 
yoalt peaks are noted where the thickness of the carbonate-chlorite 
xcks amounts to tens of meters (Figs. 1 and 2). 

However, not all of the carbonate-chlorite zones show cobalt peaks. 
»veral metasomatic zones contain no cobalt. An indication of the ab- 
nce of cobalt in the carbonate-chlorite rocks is found in their visible 
‘lative thinness, not exceeding 2 to 5 meters. 

Carbonate-chlorite interlayers a few meters thin are generally 
arked by one or two peaks. Further thinning of the metasomatic rocks 

associated with qualitative changes in the behavior of cobalt, in the 
nse that cobalt may be absent from the carbonate-chlorite interlayers, 
they are only 1, 2, 3, 4, or 5 meters thick. 

These facts lead us to the conclusion regarding a selective distribu- 
on of cobalt in the hydrothermally altered rocks of different thickness. 
Ibalt is localized, chiefly along the main channels of the hydrothermal 
lutions, while migrating from the altered rocks into the host rocks, 
cause of its weak migrating tendencies. These main channels through 
1ich the hydrothermal solutions were passing are now associated with 
e largest zones of the hydrothermally altered rocks. 

The observed facts show the dependence of the distribution of cobalt 
'the size of the hydrothermally altered zones. This relationship is 
pressed by the presence of cobalt in all of the large metasomatic 
nes in the rocks and by the tendency of cobalt to disappear where the 
drothermally altered rocks are thinning out to a few meters. 

The idea of the selective distribution of cobalt, nickel, and of other 
re and dispersed elements, along the principal paths of hydrothermal 
lutions, was first expressed by L. N. Ovchinnikov [7], on the basis of 
3 detailed studies of a large body of data on the Turinskoe skarn de- 


sit of copper. 


86 L. A. BAKHMUTOV 


Porphyrite masses of rock, 
tens of meters thick, contain gen- 
erally hundredths of one per cent 
of cobalt, in places where these 
rocks are in a direct contact with 
the hydrothermally altered rocks. 
The same kind of porphyrites at 
increasing distances from con- 
tacts with metasomatic rocks are 
already cobalt-free. 

These facts are indicative of a 
partial migration of cobalt from 
the cobalt-bearing metasomatic — 
rocks, containing the sulfide min- 
eralization, into the contact zones 
of the porphyrites. The enrich- 
ment of the porphyrites by cobalt, 
in their contacts with the zones of 
hydrothermal metamorphism, was 
due apparently to a diffusion of 
some soluble compounds of cobalt, 
by all evidence. 

The relatively low concentra- 
tions of cobalt in the hydrotherma. 
solutions, its low mobility, its 
strong tendency to follow iron, the 
absence of arsenic (with which 
both cobalt and nickel are gener- 
ally associated), the high concen- 
trations of sulfate—all these fact- 
ors, as a whole, are responsible 
for the absence of cobalt minerals 
in the Pyshma-Klyuchevskoe de- 
posit and for settling of cobalt in 
crystal structures of other miner: 
als. The high geochemical affinit 
of cobalt and iron, due to the clos 
resemblance of their electronic 
shells and to about the same size 
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, nickel, and copper in drillcore 


les, borehole No. 646: 1—porphyrites; 2—porphyritoids; 3—carbonate- 


2. Diagrams of concentrations of cobalt 
‘ite rocks. 
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of their ionic radii, was responsible for the entry of the bulk of cobalt | 
into the crystal lattice of iron disulfide, the pyrite. 

The Pyshma-Klyuchevskoe pyrite is the principal accumulator of 
cobalt, as had been shown by the experience of many years with the ex 
tractions of cobalt. 

The irregular distribution of cobalt in thick masses of hydrotherma| 
ly altered rocks is manifested, first of all, both in the presence and in 
the absence of this element in different parts of the altered zones, in 
the abrupt variations in the concentrations of cobalt over short dis- 
tances. This latter feature is evidence of a high concentration gradie 
of the soluble cobalt compounds and of the low mobility of cobalt in the 
hydrothermal solutions by which the sulfides were laid down in the 
Pyshma-Klyuchevskoe deposit. 

The irregular distribution of cobalt and the discontinuity of its con- 
centrations are characteristic not only of the hydrothermally altered 
rocks but of the mineralized zones, as a whole, and even of the isolate 
ore bodies. 

The irregular distribution of cobalt, as a whole, is a major feature 
of its behavior. This peculiarity is characteristic not merely of the 
Pyshma-Klyuchevskoe deposit but is manifested in all economic depos 
its of cobalt of hypogene origin [6], more or less clearly. 


NICKEL 


The behavior of nickel is similar to the behavior of cobalt. Conce 
trations of nickel in the basic effusives and in the products of their hy 
drothermal metamorphism—the host rocks of the deposit—fluctuate 
within hundredths and tenths of one per cent. Moreover, the hundredt 
of one per cent represent the ordinary levels of the nickel content, 
while the tenths are already anomalous and are evidence of the acces- 
sions of this metal from the hydrothermal solutions. 

The nickel concentration curves, as against the cobalt curves, have 
fewer peaks and have a smoothness over considerable intervals of the 
depths amounting to tens and even hundreds of meters. The smaller | 
number of nickel pits is the effect of a higher mobility of nickel, in : 
comparison with cobalt. The higher mobility of nickel is conducive té 
a more rapid dispersion of this metal, to a partial averaging of its co 
centrations over considerable distances. 

In our view, the higher mobility of nickel, in reference to cobalt, is 
due to higher concentrations of nickel in the solutions. As was shown 
by D. S. Korzhinskii [5], concentration of the element in solutions is | 
one of the independent parameters by which mobility of the constitue n| 
is determined. Mobility of elements increases at increasing concen-} 
trations in the vast majority of the cases. 4 

The concentration of nickel is nearly ten times as high as the con-} 
centration of cobalt. This major difference could not help but have al 
effect on their relative mobility. i 

There are enough empirical data to show that most of the nickel | 
peaks are seconded by the cobalt peaks. 
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Inasmuch as both cobalt and nickel were present in the solutions at 
same time, and to the extent of the higher mobility of nickel than of 
alt, one may be led to believe that if it is impossible for the mobile 
kel to come to some more or less uniform concentration in some 
‘ticular part of the rock, there is even less chance for the less mo- 
2 cobalt to become dispersed in the same part of the rock. These as- 
sts of the behavior of cobalt and nickel are the probable causes of the 
kel peaks being seconded by the cobalt peaks on the concentration 
as Absence of cobalt is the only reason why cobalt peaks are not 
° ociated with nickel peaks on the curves, wherever this is the case. 

n such manner, the differences between the distribution of cobalt 
| nickel are due chiefly to the differences between the mobilities of 
se two elements. Although most of the higher concentrations of nick- 
re associated with the carbonate-chlorite rocks, some isolated peaks 
nickel are found also in the porphyrites. These higher concentrations 
ickel in the porphyrites are apparently not of the primary magmatic 
gin but are due to some effects of the hydrothermal solutions. 


COPPER 


eo) es 


The concentrations of copper have a tendency to variation within a 

er range embracing tenths, hundredths, and thousandths of one per 
t. As to the copper peaks--it is not always possible to see the order- 
2ss in their distribution which is so clear-cut in the case of cobalt 
nickel. Most of the copper peaks are associated with rocks in the 
rothermally altered zones. 

he wide range of variations in the concentration of copper suggests 
- copper is more mobile than cobalt or nickel. The greater mobility 
‘opper may have been one of the causes responsible for the migration 
:Opper into the host rocks and for the consequent copper ‘‘highs’’ in 
porphyrites. There is no observable connection between the copper 
s and the peaks of cobalt or nickel. Copper behaves independently 
n cobalt and nickel. 


RELATION OF HYDROTHERMALLY ALTERED ZONES 
TO MINERALIZATION 


he ore-bearing zones show a close genetic relationship to the car- 
te-chlorite rocks [3], chlorite schists, listvenites and, to a lesser 
ree, to other rocks of the metamorphic complex, products of a hy- 
hermal re-working of the porphyrites. The entire complex of the 
tern zones and of the associated hydrothermally altered rocks 
nds in a north-south direction. The preponderant dip of the rocks 
" the west. Chlorite schists and carbonate-chlorite rocks of differ- 
‘kinds are succeeded by porphyritoids, as one moves away from the 
eralized zones, and, still farther away, by porphyrites. As a rule, 
ore-bearing zones are represented, to the extent of 80%, by vein 
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‘inerals; chlorite, carbonates, quartz, and others. The ore-bearing 
mes are 200 to 2,000 meters long, with an average thickness of about 
meter. 

A vertical projection of the metal concentrations in the profile rep- 
2sented by 10 boreholes (Fig. 3) was drawn in order to ascertain the 
iaracteristics of the spatial distribution of cobalt. In constructing the 
srtical projection of every one of the boreholes, the cobalt-bearing 
rizons were noted, whereupon such horizons were combined into zones 
the directions of the principal developments of the structures. The 
sulting pattern has led us to the conclusion that the distribution of co- 
ilt is determined by the zones of the most intensive hydrothermal] al- 
ration of the rocks. Figure 3 shows still another major detail: cobalt 
eS not disappear in depth, while the character of its distribution, as 
whole, indicates a real possibility of its further expressions at greater 
~pths. Analogous projections were drawn for nickel (Fig. 3). Their re- 
ilts indicate that the distribution pattern of nickel coincides exactly 
th the pattern for cobalt. A coincidence of this sort is an indication 
‘itself that nickel and cobalt were migrating through the same chan- 
ls, possibly even in the same solutions. 


METALS IN THE MAGMATIC COMPLEX AND IN ITS 
DERIVATIVES 


' With an appreciable number of the analyses at our disposal, we made 
: attempt at an estimation of the average concentrations of cobalt, 
ckel, and copper in different parts of the ore field. These concentra- 
ons were determined as arithmetical averages of many analyses. The 
sults are shown in the following tabulation: 


2m Rocks ees. Co % Ni % Cu % 
Ultrabasic 134 0.12 0.33 0.017 
} Gabbros 42 0.007 0.14 0.024 
Porphyrites 1586 0.004 0.06 0.008 
Porphyritoids 502 0.009 0.07 0.008 
Carbonate-chlorite 800 0.015 0.10 0.008 
Listvenites 100 0.006 0.04 0.004 


A, E. Fersman [10] and A. P. Vinogradov [11] give the following 
erages for cobalt, nickel, and copper in the earth’s crust: 


Co % Ni% Cu% 


: 


Fersman, 1939 0.002 0.02 0.01 
Vinogradov, 1949 0.003 0.008 0.01 


99 L. A, BAKHMUTOV 


The average concentrations of cobalt and nickel in the rocks of the 
ore field are invariably higher than their clarkes, as may be Seen in the 
foregoing comparison. The average copper in the porphyries, 0.008%, 
is close to its clarke in the earth’s crust. 

The concentration of cobalt in the ultrabasic rocks is conspicuously 
high. It is possible that the ultrabasic rocks, by virtue of their relative 
ly high content of cobalt, were enabled somehow to control the cobalt 
mineralization. The established fact of the more intensive copper-coball 
mineralization of the ore-bearing zones, with their decreasing distance 
from the eastern contact of the effusives with the ultrabasic rocks, ac- 
quires a new shade of meaning, in this connection. Also, the special 
analysis of the variations of the metal content in the 10-borehole profile 
(Fig. 3) showed marked increases in nickel—whose relatively high 
amounts in ultrabasic rocks is a generally known fact—in individual 
boreholes eastward. The ultrabasic rock effects on the mineralization 
may have been manifested in places where they were at the least dis- 
tance from the ore zones. There is also a possibility that the hydrother- 
mal solutions, on their way from their source, were becoming enriched 
by nickel and cobalt on their contacts with the ultrabasic rocks. These 
comparisons suggest that the underlying ultrabasic rocks played some 
definite part in the mineralization and an opinion may be in order, to 
the effect that they exercised a definite control over the mineralization 
itself. 

Comparisons between the behavior of a series of elements, based on 
a large number of spectrographic analyses, enable us to evaluate the 
copper-cobalt haloes which are much broader than was believed pre- 
viously, on the basis of the mine workings. The proved facts of the 
spontaneous migration of heavy metals into rocks of the hanging wall 
reveal some real possibilities in the prospecting and in the discovery of 
blind ore bodies, permitting the advancement of the geochemical method 
as the means of the preliminary appraisal of economic reserves of the 
zones containing sulfide mineralization. 

Only the geochemical (metallometric) method may be considered ef- 
ficient in prospecting for blind ore bodies, whose profiles may be pro- 
jected in most curious directions, geologically. The recommended 
spacing between samples is 1 meter. Wherever the concentration of co- 


balt is at least twice its background in the profile, further studies are 
required, in our opinion. 


CONCLUSIONS 


Mobility of chemical elements in natural environments, as a function 
of a series of variables, may be ascertained by comparative studies of 
the characteristics of its behavior. In the case of the Pyshma-Klyuchev 
rae cee we have the following empirically established series, in 
ie er of decreasing mobility of the elements: S, Fe, Cu, Ni, Co, Au. 


The principle of differential mobility of the elements, established by 
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). §. Korzhinskii [3], is based on the distribution of substance in the 
netasomatic process. 

As shown by L. N. Ovchinnikov [7], this principle is valid also for 
lements brought by the solutions in very small quantities, the admix- 
ure-elements, which have no effect on the formation of minerals or on 
he development of paragenetic associations of different kinds. 

The less mobile the element—the more constant is its concentration. 
ronsequently, any change in the composition due to irregularities of the 
oncentration of such elements is that much more easily detectable, and 
ver shorter distances. The more mobile the element—the more uni- 
orm its concentration, the more gentle is the slope of its distribution 
urve, the more uniform is its distribution the smaller is the amplitude 
f fluctuations of its concentration. 

_ The role of diffusion in metasomatic processes was made manifest 
71 its entirety by the studies of D. S. Korzhinskii, who introduced the 
oncept of the differential mobility of elements and who developed the 
1eory of metasomatic zonations. 
| It is possible that the orderly distribution of the admixture elements 
1 ore deposits, as governed by their differential mobility, may have a 
niversal validity. 
Received for publication 
August 26, 1957 
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EXPERIMENTAL STUDIES IN OXIDATION OF COBALT AND 
NICKEL ARSENIDES IN SOLUTIONS CONTAINING 
OXYGEN AND CARBONIC ACID 


L. K. Yakhontova 


Chair of Mineralogy, M. V. Lomonosov Moscow State University 


Abstract 


: Leaching experiments were carried out on a series of arsenides, smaltite, 

| Yrammelsbergite, safflorite and niccolite using a carbonic acid solution (pH 3.7) 
and an oxygen-carbonic acid solution (pH 4.5). Arsenic was the element most 
easily leached out of the arsenides. In the order of increasing losses of arsenic 
by leaching, the minerals form the series: safflorite-niccolite-rammelsbergite- 
smaltite. Iron, cobalt and nickel were very inert to the leaching solutions as 
compared with arsenic. 


Results of laboratory studies of the oxidation of smaltite, rammels- 
bergite, niccolite, and safflorite, involving a slow seepage of carbonate 
and oxygen-bearing solutions through pulverized minerals, as here re- 
ported, are a continuation of our earlier work [1, 2]. 

Our objective here was a procurement of quantitative data that would 
aid our understanding of the leaching of the elements from their miner- 
als—-the arsenides—and also of the formation of the secondary minerals, 
products of oxidation, deposited on the surfaces of the primary minerals 


EXPERIMENTAL CONDITIONS 


Single-mineral samples of the arsenides were used in our work, 1 
gram aliquots of the 0.25 mm fraction. The minerals were analyzed 
chemically* prior to the experiments and the results, expressed as 
formulas, were found to be as follows: 


Smaltite, (Nio, 66C Oo.28 Feo. 06) ASo.sg - 7 - AS - 77.68% 
- Ni - 14.19% 
=i OOn— 0 D.AOro 
-.Fé.- 1.26% 

Safflorite, (COo,6F€o,4) ASi1.7 ----- 7-7 As - 68.11% 
=11COn = 16.00.5 
S55 eee ely 

Rammelsbergite, (Nio,sC0o,4Feo,1) AS2- - As - 72.36% 
= Nie = 14215% 


*A, N, Bukina, Analyst, Laboratory of the Chair of Mineralogy, Moscow State 
University. 


95 


96 L. K. YAKHONTOVA 


~ .Cot="041R 
- Fe =  2:98% 
Niccolite, NiAS -------------- As - 43.58% 
~ Ni = 552145 


Weighed arsenide powders were placed in glass crucibles with por- 
celain filter bottoms. Solutions at constant concentrations of CO, and 
oxygen were allowed to drip onto the filters continuously from dropping 
funnels, 24 hours a day. The percolate was collected in receiving 
flasks. The experiments were at room temperature (20° + 2°C). 

There were eight experiments altogether: four with the oxidizing 
solvent, the aqueous solution containing carbonic acid (pH 3.7—the 
“minus-oxygen series”), and four in which the dissolving-oxidizing 
function was performed by dissolved COz and oxygen (pH 4.5—“oxygen 
series”) .* 

Our choice of the pH was determined by two considerations: a) The 
pH range here used was close to the pH of sulfuric acid solutions whose 
effects on the minerals were studied by us previously in a similar 
manner | 2], and b) some purely technical aspects of the experiments, 
as it was established empirically that the pH levels here reported re- 
main constant for a long time, if the distilled water in the 200 mls 
dropping funnels is treated with CO, or oxygen for 30 minutes twice a 
day. 

Duration of every one of our experiments was 120 days. The leach- 
ings collected in the receiving flasks were analyzed every ten days. 
As, Co, Ni, and Fe were determined in these leachings. 

The experiments were terminated when the secondary substances 
(chiefly arsenates) would form a coating over the powdered arsenides, 
and the solution-oxidation of the primary minerals would change its 
character entirely. The leaching of some elements (Ni and Co) from 
the arsenides, at this stage, would be either retarded or inhibited 
entirely. 

The residual arsenides, together with the secondary substances, 
were treated at once with 3% hot HCL so as to dissolve the secondary 
substances in order to determine their composition. The arsenides 
remained on the filters, by virtue of their insolubility under such con- 
ditions. A preliminary treatment of the crucibles with boiling water 
on a stem bath, before the acid treatment, was employed occasionally, 
as the means of a confirmatory isolation and determination of the ar- 
senolite which was formed under the experimental conditions. Amounts 


of the arsenolite were determined by calculation from the acid extract 
analyses, with microscopic control.t 


*Ordinary distilled water at pH6.8 as the solvent. Its CO, and O, content were 
determined and the expression “‘minus-oxygen series’’ is used arbitrarily, 
here and later on, in the sense that no oxygen was added to the water. 


{Chemical analyses by L, S. Abramova and V. V. Bon, Laboratory of the Chair of 
Mineralogy, Moscow State University. 
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RESULTS 


The following phenomena were taking place in our 120 day experi- 
ments: 


a) Leaching of the elements from the minerals and their accumula- 
tion in the filtrates. 

_ b) Formation of secondary compounds at the surfaces of the 
arsenide particles undergoing oxidation. 

Behavior of the arsenide constituents in the leaching process, their 
amounts in the leachates, and composition and properties of the resid- 
ual products accumulated during 120 days of the leaching-oxidation 
were ascertained by chemical analysis of samples of the leachates and 
‘of the residues (analyses of aqueous and acid extracts) at ten-day 
intervals. ; 

The analytical results on the leachates are shown diagrammatically 
as weights and atomic quantities (times 10*) in Figure 1. 

It is evident from Figure 1 that arsenic is the principal one among 
the leached-out elements, in all cases, and that the arsenic content of 
the leachates in the receiving flasks exceeds significantly the sum of 
the other elements (Co, Ni, and Fe). The final ratio of arsenic to the 
sum of the cations is as follows: 


Mineral pH of Leaching Solution 
327 4.5 
As: (Co Ni Fe) 

Rammelsbergite 8:1 styeal 

Niccolite 1:1 1.5:1 

Smaltite 33:1 15:1 
Safflorite 3:1 no As re- 
moved by 

leaching 


Only niccolite showed mutually comparable rates of leaching for As 
and Ni, already outside the equilibrium at pH 4.5, and also safflorite, 
from which practically no arsenic was migrating outside the boundaries 
of the mineral, at the same pH level. 

Changes in the pH of the environment had a strong effect on the 
mobility of arsenic, in the case of smaltite and safflorite: the leaching 
of arsenic was accelerated by the increase in the pH in the former but 
was practically arrested in the latter case. 

The highest absolute amounts of arsenic in solutions, under the ex- 
perimental conditions, in the smaltite test, were observed when the pH 
of the solvent was 4.5, although the proportions of this element, with 
respect to the other solute, were greatest in the presence of the excess 
of carbonic acid in the solvent (pH 3.7). Arsenates of different kinds, 
with cations captured from the environment (Cu, Ca, Mg, Mn, etc.) may 
be formed in both cases outside the borders of the arsenide. 
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204 Smaltite aft 


Safflorite 


Atomic quantities 


SS area cate > Vale ie al ales as leat Inca oe 
Da 
a 


(PE VOOR UP POT ike 
Decades (10-day periods) 


Niccolite 


DDE DLS RAI OE. LAS MD ER Ps OPA DIE EME 
Decades (10-day periods) Decades (10-day periods) 


Fig. 1. Leaching curves for arsenide constituents. Solid lines—carbonic 


aK solutions (pH 3.7); dotted lines—oxygen-carbonic acid solutions (pH 


Behavior of arsenic in the leaching of smaltite resembles that of 
ee er ees in both solvents, with the mobility of arsenic being 
about the same for both minerals, although the proportions of arsenic 


are not quite the same in the leachates, on account of the differences 
in the rates of extraction of Co and Ni. 


OXIDATION OF CO AND NI ARSENIDES 99 


While the arsenic of smaltite and rammelsbergite was leached in- 
snsively even during the first ten days of the experiments, and there 
as no change in its solubility rates on further leaching, the arsenic of 
iccolite and safflorite (pH 3.7) was not released for a long time (50- 

0 days) by these minerals into the percolating solutions. 

Later on, although the arsenic-leaching curves showed breaks, in- 
icative of the increasing mobility of arsenic, neither the relative nor 
1e absolute amounts of arsenic leached from niccolite and safflorite ~ 
ere in excess of the corresponding amounts observed for smaltite and 
ammelsbergite. The solutions at pH 4.5 remained inactive with re- 
pect to safflorite for all practical purposes (the total solubility of the 
rsenide was only 0.1%, attributable to the leaching of cobalt). 

Behavior of the cations—nickel, cobalt, and iron—during the solution 
f the arsenides was especially interesting. Iron was not observed in 
ny one of the filtrates, i.e. there was no leaching of iron throughout 
le experiments. 

The leaching of cobalt resembled the leaching of iron. There was 
ractically no cobalt in the filtrates at pH 3.7 and very little cobalt in 
le oxygen-carbonic acid solutions obtained from rammelsbergite and 
ifflorite. 

Next to arsenic, nickel proved to be the most mobile one of the 
lements. The amounts of nickel leached out of niccolite were almost 
ithe same magnitude as the amounts of arsenic. Smaltite and ram- 
elsbergite resembled each other, with respect to the leaching of 
ickel and to the behavior of arsenic. Smaltite was different from ram- 
elsbergite, as formerly, by the higher mobility of its nickel at pH 4.5. 

In such manner, the cation-leaching curves show two maxima: the 
ckel peak for niccolite (in both environments) and the cobalt peak for 
fflorite (in the oxygen-carbonic acid environment). If the loss in 
eight by the arsenides, due to the passage of their constituents into 
e percolating solutions, is taken as the criterion of their solubility, 

e may arrange the four arsenides in the following sequence, in the 
“der of their increasing solubility at both pH levels of our experi- 
ents: safflorite - niccolite - rammelsbergite - smaltite. 

Certain general and seemingly natural relationships are represented 
7 the leaching curves: increased solubility of the constituents at the 
wer pH of the solvent; the precipitation of smaltite whose constituents 
come less soluble at a higher acidity of the solution. 

The peculiar behavior of smaltite which is expressed not only in its 
parture from the general rule, as here illustrated, but also in the 
‘eater solubility of its arsenic during the oxidation is due probably to 
rtain complicated and still unknown features of its structure. 

Alongside the withdrawal of substance from the powdered arsenides, 
ere is a gradual accumulation of the secondary end-products on the 
senide surfaces. These products were examined by us microscopi- 
lly and chemically. 

Rammelsbergite, in both environments, became thoroughly coated 
-an apple-green crust consisting chiefly of annabergite. Small crusts 
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of white crystalline arsenolite were also present, locally (especially o 
materials treated by carbonic acid waters). 

Smaltite “bloomed” in clusters of pale-pink erythrite associated 
with white octahedral arsenolite, creeping upwards along the walls of 
the filters, and with a yellowish-brown arsenate, seemingly of a ferru- 
ginous composition. The latter was more abundant under the action of 
the carbonic acid solutions. 

Niccolite remained fresh for a long time (about 50 days), in both 
cases. Later on, black soot-like spots began to develop in its cracks 
and on the surface of its grains. The sooty spots were becoming 
coated by the green films of annabergite. The oxidation of niccolite 
accompanied by the formation of the secondary compounds was notice- 
ably more rapid in carbonic acid waters (pH 3.7). 

Safflorite, like niccolite, was oxidizing very slowly during the first 
60 days of the experiments and was developing violet streaks only 
locally. Later on, the following compounds began to form from the 
secondary products: bright-pink erythrite, small crusts of brown 
- ferruginous substances, and clusters of grains or crystals of a white 
arsenolite. 

As previously stated, the powdered arsenides were treated with 3% 
HC] after 120 days of the experiments, in order to isolate the oxidation 
products. Analyses of the acid extracts, together with the calculations, 
are presented in Table 1. 

We determined the total amounts of the arsenide constituents in the 
oxidized materials, as indicators of the oxidizability of the arsenides. 
The results showed that the changes in the pH of the environment, 
within the chosen range (3.7 to 4.5), had an appreciable effect on the 
solubility of most of the primary minerals, but very little effect on 
their susceptibility to oxidation. The only significant effects, in this 
connection, were manifested only by rammelsbergite. 

Comparisons between the amounts of the dissolved arsenide sub- 
stance, for every mineral, and the amounts of this substance converted 
into the secondary products of the oxidation showed that, for rammels- 
bergite, the oxidizability is practically the same as solubility and that 
oxidizability of safflorite is higher than its solubility, while the re- 
verse is the case for niccolite and smaltite. The oxidizability series 
here suggested (niccolite - safflorite - smaltite - rammelsbergite) do 
not parallel the solubility series. 

Figures 2 and 3 are special diagrams built on the coordinates of the 
composition of arsenides (As, Ni, Co, Fe) and representing quantita- 
tive relationships between the elements that were leached-out of the 
PE weet y. minerals and had entered the secondary products of the oxida- 
tion during 120 days of the experiments. The content of these elements 
ae ie arsenides is indicated by magnitudes of the coordinate section. 
rae reported regularities in the solubility of the 
ee ie negligible solubility of safflorite at pH 4.5; the nearly 
ic tas nts of As and Ni derived from the solubility of niccolite; the 

ive leaching of arsenic out of smaltite and rammelsbergite; 
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Table 1 (Part 1). Chemical Analyses of Acid Extracts and Calculations 


DHeos4 
As Arsenate 
Amounts of the 
Amount of the of As2O;  Erythrite As Excess of 
Element % of and R**O Series Arsenolite Cations 
lement grams Arsenide grams grams grams AS grams 
Rammels- 
bergite 
| As 0.0538 7.0 0.0823 0.0807 0.0010 ---- 
1 Co 0.0105 10.0 eet Shae a, ae 
| Ni 0.0491 34.0 0.0790 0.0790 Saris eee 
| Fe 0.0026 9.0 —— as aa rene 
Sum 0.1150 ---- --=- a =e aap 
0 OXidizability of arsenide ---- 11.6 = ssc Hite 
| Niccolite 
As 0.0035 0.8 0.0053 O10053) =e igi ee 
Ni 0.0154 3.0 0.0195 0.0051 ---- 0.0113 
| Sum 0.0187 ---- Sees aSe5 ee wees 
6 oxidizability of arsenide ---- 1.9 === Zane SoSe 
Smaltite 
AS 0.0460 6 0.0703 0.0688 0.0010 SoS 
Co 0.0184 33 ---- ---- ---- Se! 
Ni 0.0272 19 0.0673 0.0673 ---- See 
Fe 0.0074 60 ---- ---- ---- ---- 
Sum 0.0990 ---- ---- ---- ---- ---- 
6 oxidizability of arsenide ---- 28) ---- ---- ---- 
Safflorite 
As 0.0295 4.3 0.0451 0.0396 0.0036 ee 
Co 0.0091 5 0.0387 0.0387 === = Sates 
Ni 0.0214 17 SSeS Tere aes sxe 
Sum 0.0600 ---- ---- ---- ---- ---- 
--=-- 6.0 ---- ---- ---- 


 Oxidizability of arsenide 


1e insignificant withdrawals of cobalt) are reflected with a remark- 
ble clarity in the forms of the appropriate diagrams, most of which 

re elongated appreciably along the “As” axis. Diagrams of the second 
roup, representing susceptibility of the arsenides to oxidation, are 
enerally cut short on the arsenic axis, but are markedly elongated in 


ie “cation” directions. 


We should note the behavior of iron, the large amounts of which are 
-cumulated in the secondary products (9 to 22% on rammelsbergite, 
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Table 1 (Part 2). Chemical Analyses of Acid Extracts and Calculations 


pH 4.5 


As Arsenate 
Amounts of the 


Amount of the of As2O; Erythrite As Excess of 
Element % of andR**O Series Arsenolite Cations } 
Element grams Arsenide grams grams grams AS grams 
Rammels- a | 
bergite q 
As 0.0678 9.3. 0.1037. 0.1037 mee _-- 
Co 0.0117 11.0 pee iden oe ---ane 
Ni 0.0618 43.0 0.1015 0.1015 ---- ---- 
Fe 0.0064 22.0 = Boe 2a53 --=2 > | 
Sum 0.1477 see coos porte ao a 
% oxidizability of arsenide ---- 14.7 ---- ---- --=s 
Niccolite 
As 0.0057 ed 0.0087 0.0087 ---- ===5 
Ni 0.0130 Zee 0.0165 0.0085 ---- 0.0062 
Sum 0.0187 ---- ---- ---- ==== =a—e 
% oxidizability of arsenide Se 1.9 esse eee —— 
Smaltite 
As 0.0532 i 0.0814 0.0609 0.0134 ---- 
Co 0.0111 20 ---- = ea a 
Ni 0.0310 22 0.0596 0.0596 ==-- = 
Fe 0.0048 38 aa sess ee sa 
Sum 0.1001 ---- ase Stes Sse -2o8 
% oxidizability of arsenide aa 10.0 See pee —- 
Safflorite 
As 0.0259 3.8 0.0396 0.0349 0.0031 ---- 
Co 0.0074 4 0.0342 0.0342 ere oe 
Ni 0.0195 16 ---- last aoe == 
Sum 0.0528 
% oxidizability of arsenide Stes 5.3 verses Bet Be 


38 to 60% on smaltite, up to 17% on safflorite, as of the iron-content of 
the original materials). Moreover, a shift of the pH to the acid side 
(3.7) reduced the iron-content 2.5 times in the secondary products on 
rammelsbergite but nearly doubled the amount of iron in the substance! 
derived from the oxidation of smaltite. 

As shown by the diagrams, the oxidation of smaltite and particularly 
of rammelsbergite causes a build-up of high concentrations of nickel, — 
in place (as annabergite and as nickeliferous erythrite). A decrease — 
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Rammelsbergite Niccolite Smaltite Safflorite 
Fe Fe qi? 


60 
Ginaes 


AS 


20 
As 


Fig. 2. Diagram showing quantitative ratios between leached elements (solid 
ines) and elements entering composition of secondary products of oxidation 
(dotted lines) on treatment of arsenides by carbonic acid waters (pH 3.7). 


| the acidity (in the environment of the carbonic acid solutions con- 
ining free oxygen) causes a relative increase in the nickel content of 
ie secondary substances, while the proportions of cobalt are either 
ichanged (rammelsbergite) or diminished (smaltite). 

In the instance of niccolite, there is an intensive enrichment of the 
<idized substances by nickel alongside a very small accession of 
-senic. Nickel is accumulated apparently in the black, soot-like films 
mating the nickeline grains and associating with relatively small 
lantities of annabergite. 

Cobalt, under the experimental conditions, was pretty nearly absent 
the solutions percolating through powdered arsenides, although there 
4S an appreciable accumulation of this element in the secondary prod- 
ts, especially on smaltite under the carbonic acid-water treatment. 

On the whole, during the leaching of the elements out of the arsen- 
es, with the concurrent fixation of some of them by the secondary 
oducts, there was a marked difference in the behavior of arsenic and 
the cations: if most of the arsenic was removed from the arsenides 
leaching and was carried out of the system in the percolate, the 
tions tended to accumulate in place, as combinations with oxygen, 
iter, and, to some extent, with arsenic and other anions. Hence the 
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Rammelsbergite Niccolite Smaltite Safflorite | 


Fig. 3. Diagrams showing quantitative ratios between leached elements (solid 
lines) and elements entering composition of secondary products of oxidation 
(dotted lines) on treatment of arsenides by oxygen-carbonic acid waters (pH 
4,5). 


accumulation of the hydrated arsenates (erythrite and annabergite) 
and of basic arsenates, oxy-arsenates (smol’ianinovite), carbonates 
(spherocobaltite), and other substances on the surfaces of the 
materials. 

Optical studies of the secondary substances formed on the arsenides 
established the presence of the following minerals: erythrite (smaltite 
and safflorite), annabergite (rammelsbergite and niccolite), ferrugi- 
nous arsenates of the simplesite type, smol’ianinovite, minerals re- 
sembling those that are found in nature on safflorite (smaltite and 
Safflorite), arsenolite (rammelsbergite, smaltite, and safflorite), and 
black soot-like films (niccolite). 

Because of the preponderance of the erythrite-annabergite series, 
analyses of the acid extracts were expressed as arsenate with the 
general formula R3(AsO,)2nH2O (R is the sum of Co, Ni, and Fe) and 
with the RO:As,0; ratio as 3:1, and the residues were assigned either 
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) arsenolite or to the soot-like substances (niccolite). The immer- 
/on measurements were used as controls in all instances. 

The results of these conversions (Table 1) proved to be fairly close 
, the results of optical and microscopic studies. For example, the 
ee substances were formed, together with annabergite on the 
cidation of niccolite, but no arsenolite could be detected among the 
2condary products. According to our calculations, in this particular 
ase, the products were annabergite and a large residue of nickel. 

he latter was apparently one of the main constituents of the soot-like 
oY in which it was present in a combination with water, oxygen, or 
Oz (possibly the films were a hydrated form of nickel oxide—the 
ve product of the zone of secondary enrichment). 


The high concentrations of arsenolite were found to be characteris- 
for the smaltite undergoing oxidation in the oxygen-carbonic acid 
wironment (pH 4.5), which is confirmed also by calculations from the 

1emical analyses. 

} The content of arsenolite in the secondary substances is a subject 
: some interest. In one of the earlier experimental studies [ 1] deal- 
ig with the susceptibility of arsenides to oxidation, in the course of 

) days, without the removal of the substances beyond the confines of 
ie minerals, it was established that the amounts of arsenolite were 
reponderant among the products of rammelsbergite and smaltite, 
hile they notably were small in the products of safflorite and nickel- 
1e. Moreover, “embryos” of erythrite and annabergite crystals in 

le arsenolite matrix were also noted, i.e. a gradual decrease of the 
ncombined arsenide anhydride in the course of progressive oxidation. 

The former arsenide oxidation series (rammelsbergite-smaltite- 
1fflorite-niccolite) were modified, as the result of our studies, so 
at rammeslbergite had to be moved from the first place to the third. 
he abrupt decrease of the rammelsbergite content of the secondary 
ibstances on rammelsbergite was due evidently to an intensive ar- 
snitization of the arsenide anhydride produced in large amounts in the 
rst stage of the oxidation of arsenide. Hence the conclusion regard- 
g the importance of time in the mineral-forming processes which 
ay develop in entirely opposite directions. 

The optimum conditions for the accumulation of arsenolite, as we 
iow definitely at this time, are as follows: 

1. Smaltite as the original material, 2. Oxygen-carbonic acid 
aters at pH 4.5. 

Calculations based on the analysis of the acid extracts made it also 
yssible for us to determine the Ni:Co and the Fe: (Co + Ni) ratios in 
ccondary arsenates (Table 2). 

Our data and the characteristic ratios for the original arsenides— 
mmelsbergite, smaltite, and safflorite—are shown in Figure 4. 

The results, as shown in Figure 4, proved to be as follows: 1) The 
':Co ratio in arsenates formed on smaltite and rammelsbergite tends 

decrease at an increasing acidity, i.e. the relative amount of Co 
nds to increase. 2) On the oxidation of smaltite with the relatively 
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Table 2. Cation Ratios in Secondary Arsenates 


pH 3.7 pH 4.5 
ie is Ni:Co Fe:(Co + Ni) Ni:Co Fe:(Co + Ni) 
Rammelsbergite 4.6:1 1:25 een LAd 
Smaltite OTE 1:6 opal ihe) 
Safflorite -+- 1:4 --- 3 
high original Ni:Co ratio, Ni:Co Ni:Co Fe-(Co+Nty 


the proportions of Ni and 
Co in the secondary sub- 
stances (arsenates) are 
either the same as in the 52 
original mineral or are 
shifted in favor of Co, 
whereupon the role of Co 
is materially increased. 
3) In arsenates develop- 
ing on rammelsbergite 
with the originally high Fe {va+Ni) 
concentration of cobalt, 
nickel is noticeably pre- 
ponderant over cobalt. 
Figure 4 also shows 
a relatively high content 
of iron in arsenates de- 
rived from the iron-low 
smaltite and, conversely, Apu 
a low content of iron in 
the secondary products 
of rammelsbergite. Q04¢ 


070 


y 
—_— 
— 


Safflorite, as a cobalt- a a — 
iron arsenide, is char- Rammelsbergite Smaltite Safflorite 
acterized by the highest 

concentration of iron in Fig. 4. Diagram of Ni:Co and Fe:(Co- Ni) ra- 


its arsenate. However, in tios in original arsenides (dotted-point lines) 

fhigttaiter th 1 and in secondary arsenates at pH 3.7 (solid - 
case, tie role —_jines) and at pH 4.5 (dotted lines). 

of iron, as against cobalt, 


is likewise not very 
appreciable. 


CONCLUSIONS 


We are enabled to draw the following conclusions on the basis of 
our quantitative studies of the ratios between the elements leached out 
of the arsenides (solubility of arsenides) and the elements entering the 
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omposition of the secondary products (susceptibility of arsenides to 
»xidation), in the course of the treatments of smaltite, rammelsber- 
ite, safflorite, and niccolite by carbonic acid (pH 3.7) and oxygen- 
arbonic acid waters (pH 4.5). 
1. Arsenic is among the elements that are most easily leached out 
pt the arsenides here investigated, and in large quantities. In the 
»rder of the increasing losses of arsenic by leaching, the minerals 
form the following series: safflorite - niccolite - rammelsbergite - 
smaltite. 
_ The pH change (of the leaching solutions, VPS) from 3.7 to 4.5 had 
practically no effect on the leaching of arsenic from niccolite and 
"ammelsbergite but had a pronounced effect on the leaching of arsenic 
yut of safflorite and smaltite. 
2. Fe, Co, and Ni are very inert, in comparison with As, and 
ppear in the leachates only in negligible quantities. This is particu- 
arly the case for Fe and Co. Cobalt is noticeably mobile only in the 
)xidation of safflorite. Nickel is leached out of the arsenides more 
tensively than Fe and Co and, in the instance of niccolite, in quanti- 
ies comparable to the quantities of arsenic. Mobility of nickel is 
liminished at the lower acidity (pH 4.5) of the leaching solution. 
The relative inertness of the cations in the weathering of nickel- 
\ron-cobalt arsenides, as indicated by the rates of their leaching from 
jhe primary minerals, has its expression in the fact that the cation 
raction of the arsenates developing at some distance from an ore body 
s determined, in its composition, not by the composition of the arsen- 
des, but of the minerals encountered by arsenic in the paths of its 
nigration (arsenates of Ca, Mg, Cu, Zn). Cobalt and nickel may be 
iound in these minerals in subordinate quantities. Niccolite is a kind 
»£f an exception, inasmuch as annabergite may be among the super- 
venetic products of this mineral, especially if the leaching solutions 
vere empoverished with respect to oxygen. 
3. In the instance of rammelsbergite, quantities of the arsenide 
substance removed from the powdered mineral are nearly the same as 
! e quantities found in the secondary products of the oxidation develop- 
mg at the surface of the primary mineral. In the instance of smaltite 
ind niccolite, there was more of the arsenide substance removed than 
vas deposited on the arsenides. Consequently, a niccolite-smaltite 
yre body must lose both volume and weight, during its oxidation, be- 
ause of the leaching of its constituents into its host rock. Numbers 
nd size of pores and cavities must increase concurrently in the ore 
ody and these pores and cavities must be subjected to filling by the 
secondary products, to a certain extent. 
4. The cations of nickel, cobalt, and iron are accumulated inten- 
lively in the secondary products on the arsenides, while arsenic is not 
oncurrently accumulated. The deficiency of arsenic is compensated 
= other anions: OH ,O ,COQO, _, etc. 

The optimum conditions for the accumulation of the cations in place, 
* both pH levels, are as follows: 
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for Fe - a saffloritic or a smaltitic composition of the ore; 

for Co - a smaltitic composition of the ore; 

for Ni - rammelsbergitic and smaltitic ores. 

5. Arsenates of Co, Ni, and Fe were demonstrated to be present 
among the secondary products developing on the arsenides. These 
arsenates are chiefly of the erythrite-annabergite series; the second- 
ary products include arsenolite. Smaltite ores and oxygen-carbonic 
acid solutions at pH 4.5 are especially conducive to the accumulation 
of arsenolite. 

Arsenates developing on smaltite and rammelsbergite have their 
Ni:Co ratio subject to a lowering at an increasing acidity, i.e. a ratio 
in which the role of Ni may be tending to be made less important. The 
arsenates associated with the oxidation of rammelsbergite (even of a 
Co-rich rammelsbergite) are characterized by the relative promi- 
nence of nickel (annabergite is formed). Smaltite has the opposite 
characteristics: its secondary minerals tend to accumulate cobalt and, 
to a lesser extent, nickel (erythrite is formed). 

6. Despite the low iron content of smaltite, the secondary products 
of this arsenide are characterized by their relatively high iron, i.e. 
minerals of the simplesite and the smol’ianinovite types may indeed he 
formed by the oxidation of smaltite. 

7. During the oxidation of niccolite, there is an intensive enrich- 
ment of the supergene materials by nickel, because of the major dis-— 
proportion between the fixable arsenic and the arsenic removed from 
the system by leaching (4 to 8 times, depending on the pH). 

Consequently, alongside annabergite, in this particular case, there 
may be a formation of oxygen and of hydroxide compounds of nickel— 
typical products of the zone of the secondary enrichment. These latter 
compounds, poorly known as they are even to this time, are commonly 
seen in an association with the oxidation of nickel ores. 
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Abstract 


| Rhenium contents in molybdenites from various geological formations of the 
rny-Auz deposit range from 1-10-° to 1.4-1073%. 


| While engaged in their studies of the distribution of rhenium in the 
irth’s crust and in meteorites, I. and W. Noddack [1] cameto the conclu- 
on that the high degree of the dispersion of this element in nature is 
»ymparable only to the dispersion of the short-lived radioactive ele- 
ents [2]. 

Having examined a large number (1,600) of minerals of all classes, a 
ixture of 110 samples of igneous rocks, as well as meteorites, the 
ddacks had obtained certain data on the rhenium content of these 
aterials (Table 1): 


i 


Table 1 
Materials Rhenium, % 
Mixture of 110 samples of igneous rocks it Sea 
Meteorites 32656 105? 
Primary sulfides © 266 x 10s" 


As to the studies of minerals other than sulfides, it was found [1, 2] 
at 1 X 10-® to 1 x 1074 % rhenium is found in alvite, gadolinite, orangite, 
hortveitite), and zircon. No rhenium whatsoever could be detected in 
irbonates, nitrates, and halogen salts. 

Rhenium does not form independent minerals, by virtue of its proper- 
2s, and does not appear as the major constituent in any of the minerals 
sre enumerated. Consequently, studies of minerals containing appre- 
able accumulations of rhenium become a subject of interest. 

Rhenium has the same ionic radius as molybdenum (0.68 A), resem- 
es molybdenum in many of its chemical properties, and follows molyb- 
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denum in the processes of the deposition of sulfides. From these points} 
of view, molybdenite is particularly important. 

It is known from the literature [1, 3] that the rhenium content of 
molybdenites varies from 5 x 10-5 to 2 x 10°°%. The available data [3] | 
on rhenium in foreign molybdenites are presented in Table 2. 


Table 2 
Source Rhenium, % 
Lier, Norway* oe eas OF 
Drammen, Norway ee Ome 
Bandkeli, Norway* 1: 22<10S 
Moos, Norway* Geel Os? 
Knaben, Norway* 1.4 x 1074 
Telemark, Norway 2 10a 
Japan 1 Sealey 
Colorado, USA 128 oO 
New South Wales, Australia Tt 25 10e 
Bolivia Sexe ies 
Siberia 6S 1052 


*Spelling uncertain; not found in available indices. VPS 
{In the original ‘‘England’’, VPS 


Analyses of molybdenites from our country were made later. Their 
results [3, 4] are presented in Table 3. 

For our studies of the accumulation of rhenium in the Tyrny-Auz 
molybdenites, samples of molybdenite were collected from different geo- 
logic formations. As is known, the Tyrny-Auz molybdenite is localized 
not only within the boundaries of the main skarn ore body but also in the 
biotitic hornfels in the hanging wall of the deposit and in the leucocratic 
granites that outcrop as stocks in the core of the anticlinal fold, in the 
central part of the deposit. Molybdenite is found in all of the rocks here 
enumerated, both as finely disseminated inclusions and as discrete ac- 
cumulations in the numerous veinlets of different composition within the 
rocks. All three types of the molybdenite-bearing host rocks (skarns, 
biotitic hornfels, and leucocratic granites) are commercial molybdenum 
ores. 

We took samples of the finely disseminated molybdenite from all of 
the rock types here listed, as well as samples of molybdenite from the - 
veinlets of different composition. 

We also took samples of molybdenite from the fine single-mineral 
veinlets in the post-ore El’dzhurtinsk biotite granites. 

Determinations of rhenium in molybdenites were done colorimetric- 
ally, by the method based on the capacity of rhenium to form a colored 
thiocyanate complex, with stannous chloride as the reducer of rhenium, 
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Table 3 
Molybdenum 
concentrates Description Rhenium, % 
and ores 
Kounrad (concentrate 1941 sample 1.5 xX 1072 
below specifications)* 
e Oct. 1943 sample from i SiO 
the Molybdenum Section 
of the Balkhash Plant; 
12.05% Mo 
is October 1944 sample Is 36 Ore 
P containing 10.11% Mo 
Tyrny-Auz concentrate 1939 sample i Seale 
Unenriched ore 
Eyrny Nae) 1939 sample 2ealO ns 
Chikoi, concentrate Sample of the concentrate; 1.2 x 10% 
46.16% Mo 
Umal’ta, concentrate — 3) 10m 


***Nekonditzionnyi’’ may mean ‘‘below specifications’’, as it probably means here 
and also ‘‘non-standard’’, in the broad sense. VPS 


'2N hydrochloric acid solutions. Molybdenum also forms a similar 
llow-green complex under the same conditions. It was necessary 
erefore to remove molybdenum quantitatively prior to the extraction 
|the rhenium thiocyanate complex, by the extraction with ether in the 
resence of added mercury, the reducing agent, and of potassium thio- 
anate. This method was developed by A. N. Grunina at the Chemical 
vboratory of the Irkutsk Giredmet* [5]. 
Reliability of the method is 10%; sensitivity 0.1 micrograms per mil- 
iter. 
: Upon examination of our results (Table 4), we came to the conclusion 
at the average rhenium content of the skarns is 3.89 x 10-4%. The 
ghest amounts of rhenium (up to 8 x 10-*%) were found in molybdenites 
om pyroxene-vesuvianite and garnet-pyroxene skarns that were formed 
om marbles. The rhenium content of molybdenites from the other 
pes of the skarns is characteristically smaller. 

The average rhenium content of finely disseminated molybdenites in 
acocratic granites is characterized by its extremely low magnitudes 

x 10-5%) and rhenium may be absent entirely, in some isolated cases. 
As to the rhenium in molybdenites from the veinlets of different 
uds, our results were found to be as follows: 

In quartz veinlets as a whole, the average rhenium in the molybden- 
ss is 2.63 x 10%% and, moreover: 


Gornyi Institut Redkih Metallov’’, Mining Institute of Rare Metals. VPS 
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Table 4 


Sample No. Source of molybdenite collected for Rhenium, % 
the determination of rhenium 


a 


I, SKARNS 
0245 Pyroxene-garnet-vesuvianite 1eoex 10m 
0201 Garnet-pyroxene WSIS NO 
0228 Pyroxene, in contact with marbles A= SAVNO 
0222 Pyroxene-garnet, in contact with re SAMOS 
leucocratic granites 
0305-0306 Pyroxene, from sulfide zone Jeol Ome 
0217 Garnet-pyroxene, in contact with Bae ae 
leucocratic granites 
0208 Garnet-pyroxene, with relicts of S15 STOR 
biotite hornfels 
0366 Pyroxene-vesuvianite a xelO== 
0365 Pyroxene-vesuvianite Coa 0m 
0227 Pyroxene, in contact with marbles 3 Sloe. 
0216 Garnet-pyroxene, in contact with Or eG 
leucocratic granites 
0433 Sulfide, in contact with marbles 6 >a1054 
0361 Pyroxene-vesuvianite Saal Oe 
Il, LEUCOCRATIC GRANITES 
0352 Leucocratic granites with MoS, inclusion none 
0376 rs S ys p none 
0353 4 " y ‘1 ied Wocaogs 
0268 a ® i " " ”™ 4 x 10-8 
0269 uM ue vs ay My We 1a Ka Ose 
0272 it 4 Ms is x Ole ee x<el Oe 
III], QUARTZ VEINLETS 
0520 (a) In biotite hornfels eh DS AKOSE 
0511 " Ome) Ome 
0497 Y Sue 100g 
ae i x 3.5 x 10-4 
aie ‘A 3.5 x 1078 
0518 a ie a x 10=4 
0507 At contacts of biotite hornfels Oo) -xl0s 


and leucocratic granites 


0358-0359 
0254 
0403 
0343 
0400 
0377 
0345 
0368 


0506 
0504 
0517 
0503 
0513 
0519 


0209 
0412 


0270-0271 
0273 
0382 
0437 
0440 
0439 (1) 
0438 
0439 


0275 
0281 
0277 
0278 
0276 
0284 
0283 
0280 
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(b) In leucocratic granites 

(c) In skarns: pyroxene 
pyroxene 
pyroxene-garnet 
pyroxene 
pyroxene-garnet 
garnet-pyroxene 


pyroxene-vesuvianite 


IV. QUARTZ-FELDSPAR VEINLETS 
In biotite hornfels 


” ” ” 


” ” ” 


V. SKARN VEINLETS 
In marbles . 


At contact of biotite hornfels 
and pyroxene skarns 


In leucocratic granites 


VI. QUARTZ-GARNET VEINLETS 


In leucocratic granites 


” ” " 


’ Lo " 


158 <0=< 
none 
151052 
2). Dixe1 O=* 
4.7x 10-4 
<I 
2 eel Om 
none 
bo Sere 
1.4 x 10-4 
2 NOS 
Pn NOK 
See exe Ome 
BB S< ORS 
none 
none 
32D aL Ome 
1.5 x 10= 
CPS TOs 
AS Se ioe 
Ge Selo 
6 x 10s4 
ea Oe 
UO 
none 
none 

<lOime 


a FwWwWN DY 
x 
Ks 
So 
1 
CS 
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0294 In pyroxene hornfels none 
0442 In marbles 6 x 107 
0429 In pyroxene skarn 7  3e102 
0430 In pyroxene skarn 35 xel Ome 
0265 In vesuvianite-wollastonite skarn A—— xt 0=4 
0431 In pyroxene skarn 1-6 x0 
0258-0259 In pyroxene skarn 5 20-4 
0251 " " iY 6 eal0s* 
0262 In vesuvianite-wollastonite skarn (iat MUS" 
0250 In pyroxene-garnet-vesuvianite skarn 82 10= 


(a) 3.43 x 10+%, in the quartz veinlets in biotite hornfels; 
(b) 1.8 x 10-*%, in the quartz veinlets in leucrocratic granites; 
(c) 2.68 x 10*%, in the quartz veinlets in skarns. 

The average rhenium content in molybdenites from the quartz-feld- 
spar veinlets (the most extensively distributed kind) in biotite hornfels 
is 2.19 <107*%,, 

Molybdenites from skarn veinlets, that permeate the skarns as well 
as the granites and the biotite hornfels, contain on the average 3.36 Xx 
10-*% rhenium. | 

Molybdenite-bearing quartz-garnet veinlets are characteristic of the | 
deposit as a whole, particularly for the skarn ores. The average of 
3.65 x 10-*% Re is indicated by a large number of analyses of the molyb- 
denite. Moreover, rhenium is significantly lower (2.5 x 107*%) in 
molybdenites from the quartz-garnet veinlets in the leucocratic granites, 
while the average rhenium content of these same veinlets cutting the 
skarns is 4.8 x 10-*%. We assume therefore, taking all of our data into 
consideration, that the average content of rhenium in the Tyrny-Auz 
molybdenites is 3.23 x 10+% (Table 4). 

The foregoing considerations allow us to draw two conclusions: 

1) The lowest amounts of rhenium belong characteristically to the 
molybdenites that are present either as the inclusions or the veinlets in 
the leucocratic granites, and 2) the highest amounts of rhenium are 
found characteristically in molybdenites from quartz-garnet veinlets in 
the skarns. Also, as noted previously, the highest concentrations of 
rhenium take place in the molybdenites taken from the quartz-garnet 
veinlets in the pyroxene-vesuvianite-wollastonite skarns (7.5 to 8 x 10™ 
%) which were formed metasomatically from the marmorized lime- 
stones. The data on rhenium in concentrates from an enrichment plant 
are cited in Table 5. 

The accumulation of rhenium in the molybdenites collected from 


veinlets in the El’dzhurtinsk granites proved to be the hi ; 
1.4 x 1072%. iy e the highest of all: 
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Table 5 
Sample M . j 
No. aterial Rhenium, % 
401 Primary crude concentrate of MoS, 182571 Ost 
402 Tailings dumps of the plant none 
404 Copper concentrate i 34 IO 
405 Copper purification feed (MoS, tailings) SO 


The fluctuations in the concentration of rhenium in the Tyrny-Auz 
olybdenites collected from ores of different types and from the vein- 
ts within the confined of the ore field are related apparently to differ- 
ices in the physico-chemical environments in which this or that kind 
‘molybdenite was deposited. 

Studies of problems related to our subject are now in progress. 
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Abstract 


The change in the Zr/Hf ratio in zircons from various magmatic rocks of 
North Kirgizia has been studied. 

It has been shown that in consequence of magmatic differentiation the Zr/Hf 
ratio in zircons changes from 71 in gabbro to 36 in alaskite granites and equals 
29 in hydrothermal veins related to alaskites. 

It has also been shown that the Zr/Hr ratio in Variscan alaskites and in 
gneissified Proterozoic alaskites is similar. 


The elements Zr and Hf are so much alike in their properties that 
they are found in nature only together with one another. There is tens 
of times as much zirconium as there is hafnium in the earth’s crust and, 
for this reason, there are no independent minerals of hafnium and in- 
significant quantities of hafnium are present invariably in zirconium 
minerals [1]. , 

Zirconium minerals are represented almost entirely by zircon and 
by its varieties (malacon, cyrtolite, and others) in rocks of the acid 
series. 

Studies of the Zr/Hf in zircon are convenient, inasmuch as this min- 
eral has a wide distribution in practically all types of rocks and con- ~ 
tains up to 65% of Zr and Hf dioxides. It is possible accordingly to de- 
termine the ratio of these two elements in zircon without any preliminary 
chemical enrichment of the sample [1, 2]. Morover, the Zr/Hf ratio in 
rocks is apparently the same as in the zircons isolated from the rocks. 
Specifically, the available pertinent data by I. M. Lipova, I. D. Shevaleev- 
skii, and A. N. Tuzova [2] show that the Zr/Hf ratio in granites and 
granodiorites is the same as this ratio in the zircons isolated from the 
corresponding rocks. Consequently, any regularities in variations of 
the Zr/Hf ratio in zircons may be expanded to include also the corres- 
ponding rocks. 

It has been shown by the earlier investigators (2, 3, 4] that there 
may be variations in the Zr/Hf ratio, depending on origin of the mineral. 

The available data in the literature, however, are applicable chiefly 
to zircons of the acid and of the basic rock series. 

Igneous rocks of the southern slopes of Zailiiskii Alatau are of all 
kinds, from gabbro to alaskite granites. 

The present report is concerned, for that reason, with the sequence 


of variations in the Zr/Hf ratio in zircons from igneous rocks of differ- 
ent composition: basic to acid. 
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According to N. D. Tikhomirova, Luik, and others, the igneous rocks 
of the district were formed in the following sequence, from the more 
ancient to the more recent: 

1. The Proterozoic cycle: gneiss-like alaskite granites 

2. The Caledonian cycle: gabbro, diorites, granodiorites, porphyry- 

like biotite-hornblende granites 

3. The Variscan cycle: pink hornblende-biotite granites, syenites, 

alaskite granites 

Zirconium -bearing hydrothermal veins are related genetically to the 
Variscan alaskite granites. 

Beginning with gabbro, the succession of the rocks in the district be- 
comes progressively more acidic. For this reason, the rocks presently 
to be discussed are regarded by us tentatively as members of a single 
series of magmatic differentiations. 

The Zr/ Hi ratio in zircons from different rocks of the district and 
from the hydrothermal veins is shown in the Table. Zr and Hf were de- 
termined by the x-ray spectrographic procedure. The relative error of 
the Zr/Hf determinations was + 5%. 

Comparisons of the average Zr/Hf ratios in zircons from different 
kinds of rock are represented in the Figure. 

It is evident from the Table that the Zr/Hf ratio is the same both in 
the Variscan and in the Proterozoic alaskite granites. The Zr/Hf ratio 
in zircons from rocks of identical composition belonging to different 
magmatic epochs is conspicuously the same. This conclusion is in 
agreement with the conclu- 
sion that was made for the 
granites of Central Ural and 70 
of Eastern Kazakhstan [3]. 


Inasmuch as the available 
data show that variations in 2 m 
the Zr/Hf are not dependent = | 
on the age of the intrusion, B sob 
let us examine these varia- a 
tions entirely in reference a - 


to the variations in compo- 
sition of the rocks in the 
course of the magmatic dif- 
pase ee Eat ion- RE? ee ee ed 
As may be seen from the Zircons from Rocks I through VII. 
averages in the Table, the 
Zr/Hf ratio in zircons 
changes from 71 for gabbro 
to 46 for porphyry-like 
granites and then to 36 in 


alaskites and to 29 in hydro- 0-average Zr/Hf in the rock (the fig- 
thermal veins ures show the number of zircon sam- 


8 
"Ss 


Figure. Variations in Zr/Hf ratio in 
zircons during magmatic differentiation 
of rocks. 


ples examined); I- gabbro; II-diorites; 


eucas if F Bee He IJ - granodiorites; IV - porphyry-like 
Zr/Hf ratio in zircons are biotite-hornblende granites; V-pink 
taking place accordingly,, in hornblende-biotite granites; VI- sye- 
the course of the magmatic nites; VIl-alaskites; VIII - hydro- 


differentiation, from gabbro thermal veins. 
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The Zr/Hf Ratio in Zircons from Some Igneous Rocks of 
Northern Kirgizia 


Intrusive Sample Zr/ Hf 
cycle Rock No. in zircons Average 
Proterozoic Gneiss-like 84 26 
alaskite 99 36 36 
granites 80 46 
Gabbros 90 59 71 
75 83 
Diorites 69 54 
72 70 ae 
Caledonian Granodiorites 101 50 
19 50 58 
71 73 
Porphyry-like 77 38 
biotite-hornblende 81 46 46 
granites 68 46 
96 52 
Variscan Pink hornblende-biotite 85 42 45 
granites 70 48 
Syenites 82 37 
86 39 
76 47 os 
105 54 
Alaskite 18-21 27 
granites 98 30 
89 33 
106 36 36 
22-25 38 
42 39 
91 46 
Hydrothermal veins 200 23 
201 24 29 
202 40 


to alaskite and to hydrothermal veins, with the shift to the higher Hf 
toward the end of the magmatic differentiation. 

Concurrently with the observed general trend toward the increase in 
Hf in different rock bodies of identical composition, there are also ap- 
preciable fluctuations in the Zr/Hf ratio and an overlapping of this ratio 
in zircons from rocks that are close one to another in the magmatic dif- 
ferentiation series. For example, the Zr/Hf ratio in zircons from sye- 
nites fluctuates between 37 and 54, while the fluctuation range is 38 to 
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92 in zircons from porphyry-like granites, i.e. within the syenite range, 
which precede syenites in the magmatic differentiation series. 
Consequently, as a rule, one must not try to determine the type of 
rock, which is represented by zircon, on the basis of a single analysis 
of the zircon for the Zr/Hf ratio. 
As long as we have only a small number of the Zr/Hf analyses of 
zircons, our conclusions should be taken only a preliminary. 


CONCLUSIONS 


1. The Zr/Hf ratio equals 36 and is the same in zircons from the 
Variscan and from the Proterozoic alaskite granites. 
_ 2. A general progressive decrease in the Zr/Hf ratio, from 71 in 
zabbro to 36 in alaskites and to 29 in hydrothermal veins associated 
with alaskites, may be observed in the course of the magmatic differ- 
sntiation of the rocks. 
3. There are some fluctuations of the Zr/Hf ratio in zircons from 
cocks of identical composition. Concurrently there is some overlapping 
detween the Zr/Hf ratios in zircons from rocks of unlike composition 
slose to each other in their positions in the magmatic differentiation 
series. 
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A CONTRIBUTION TO GEOCHEMISTRY OF TITANIUM 
IN INTRUSIVE PROCESS OF GRANITIC SERIES 


E, B. Znamenskii 


V. I. Vernadskii Institute of Geochemistry and Analytical Chem- 
istry, Academy of Sciences, USSR, Moscow 


Abstract 


Titanium content in the intrusive phases of the Kalba granite batholith of Var- 
iscan age in eastern Kazakhstan shows serial change. From oldest to youngest, 
the first intrusive granite phase (porphyritic fine-grained biotite granite) con- 
tains 0.80 per cent TiOg; the second phase (coarse-grained potassium biotite 
granite) contains 0.25 per cent TiOg; the third phase (fine-grained granitic dike 
rocks) 0.09 per cent; and finally pegmatites 0.02 per cent TiO9. These Ti con- 
tents are typical of the listed phases and facies. Assimilation of Ti-rich shale 
may account for the high Ti content in the ‘‘apical’’ facies. In the consolidation 
and subsequent fractionation of these granitic intrusives, there is enrichment of 
Ti in the eariier phases and resulting in a Ti-impoverished pegmatite phase. 
Biotite and ilmenite are the host minerals for Ti. The average TiOg content of 
the most abundant and least contaminated granite facies of the Kalba batholith is 
0.33 per cent which conforms closely to estimates of R. A. Daly and A. P. Vino- 
gradoy. 


Progressively more attention is being given now to geochemistry of 
individual elements. This interest is due significantly to the expansion 
of petrochemical investigations, including appraisals of their possible 
use alongside geochemical data in prospecting and exploration for eco- 
nomic mineral raw materials. 

Studies of the abundance of chemical elements and of their distribu- 
tion in different rocks acquire a special importance accordingly. 

The average content of TiO, in granites of all periods is close to 
0.29%", according to R. A. Daly [1]. Nearly the same magnitude is re- 
ported also by A. P. Vinogradov [2]. 

According to A. E. Fersman [3], the average content of titanium di- 
oxide in granitic pegmatites is 0.06%. 

Comparisons of these averages show that granitic pegmatites are 
nearly 6.5 times as poor in titanium as the parent rocks. 

One may Suppose therefore that, in the process of the birth and the 
formation of pegmatitic melts, in the stabilization of intrusives of the 
acid Series, there is a more intensive binding of titanium in the magma 
during the earlier stages of the crystallization, so that the later product 


* 
The percentages are by weight, here and further on in this report, 


120 


TI IN GRANITIC SERIES 121 


(pegmatites)* are found to be impoverished with respect to this element.t 
One may suppose also that, if a ‘‘decontamination”’ of granitic magma, 
with respect to titanium, inceed does take place, in the course of the 
formation of the peematitic melt from the granitic magma, it is quite 
evident that such changes should be reflected somehow in the interme- 
diate products of the crystallization (rocks) which were formed in the 
interval of the geologic time between the early granites and the pegma- 
tities. 

Insofar as the accumulation or the dispersion phenomena for this or 
that element, including titanium, have a major importance in the stabil- 
ization of intrusives preceding the formation of ores and in the petro- 
chemistry of the process as a whole, it becomes evident that, in addi- 

ion to the relative abundance studies, we must ascertain the character 
of the distribution of elements in genetically interrelated rocks of indi- 
vidual intrusive complexes. It is evident that, in this case, the geochem- 
ical history of the elements may be ascertained more fully, because the 
initial sorting of the magma was apparently the same for all of the mem- 
bers of the genetic series of this or that intrusive complex. 

We undertook accordingly studies of the distribution of titanium in 
the Kalba Granite Body, Eastern Kazakhstan, whose origin belongs to 
the Variscan time [5]. 

On the basis of studies by N. A. Eliseev, V. P. Nekhoroshev, N. K. 
Morozenko, A. P. Nikol’skii, Zh. A. Aitaliev, G. N. Scherb, and other 
investigators, and in harmony with the ideas of V. S. Koptev-Dvornikov 
[6], the following principal intrusive phases may be recognized in the 
Kalba granitic body,t’$ in the order of the sequence of the intrusions: 

The first (main) intrusive phase, represented by medium-grained 
weakly porphyroid and porphyry-like biotite granites of the so-called 
Kalba Type (more than 65% of the area of the massiv). 

The second intrusive phase (phase of supplementary intrusions) rep- 
resented by coarse-grained essentially potassium biotite granites of 
the so-called Monastyr Type. 

The third intrusive phase (phase of veined rocks) may be subdivided 
further as follows: 

(a) Vein rocks of Stage I (fine-grained veined biotite granites, 
stocks and dikes; also aplites, pegmatites, granite—porphyries, and 
yuartz-cassiterite veins). 

(b) Vein rocks of Stage II: lamprophyres and quartz veins with sul- 
‘ide minerals. 


‘We have in mind the epigenetic pegmatities, in A, I. Ginzburg’s terminology [4]. 
rAs we know, titanium minerals (ilmenite, rutile, sphene) are very limited in 
their distribution in typical granitic pegmatites (aie 

‘Russian ‘‘massiv’’, here translated as ‘‘body’’ is a nonrestricted term and it 

is used freely, meaning an intrusive body of unknown deposition or shape, a 
small exposure of the crystalline pediment of a platform, or a poorly articu- 
lated upland whose length and width are about the same, etc. The term may be 
used synonymously with ‘‘shield’’. VPS 

According to N. A. Eliseev, - a batholith. 
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In rocks of the first (main) phase, in addition to its principal facies, 
the apical facies are clearly recognizable. The latter facies are ex- 
pressed morphologically by their association with the apical (top) parts 
of the massiv, where basicity of the granitoids is raised to that of gran- 
odiorites and where xenoliths are also present, with occasional hybrids, 
and the dark minerals are more abundant. Granitoids of the apical 
facies, the first phase, are present in isolated parts of the massiv and 
are subordinate to granitoids of the principal facies of the same phase, 
in respect to the size of the area of their distribution. 

The inquiry into the character of the distribution of titanium* was 
conducted for everyone of the representatives of the intrusive phases, 
from the granitoids of the first (main) phase through the pegmatites. 
Moreover, the basic trends in the distribution of titanium in the sequence 
of the products of the intrusive activity of the Kalba Body were studied 
in the example of G. Air (Mt. Air) and in the area next to this mountain, 
where four successive stages of the intrusion are fixed by the geologic 
cross-penetrations. 

The results are presented in Table 1. 


Table 1. TiO, Content of the Sequence of Granites at Air Mountain 
(every successive rock cuts through its predecessor) 


Sample No. Granite, Source, Phase TiO,, % 

114 Medium-grained biotitic granite; 0.45 
(5 km east of Mt. Air); 1st phase 

117a Coarse-grained biotitic granite; 0.28 
(at Mt. Air); 2nd phase 

117 Fine-grained biotitic granite (stock); 0.16 
same place; 3rd phase 

116 Fine-grained biotitic granite (dike); 0.08 


same place; 3rd phase 


As shown in Table 1, every successive rock (in the intrusion se- 
quence) is characteristically lower in titanium, in comparison with its 
predecessor. 

This tendency is sustained invariably by the distribution of titanium — 
in the granites, in other parts of the body, wherever the host rock 


(granite) is cut through by a younger granite. The phenomenon is illus- 
trated by Table 2. 


Table 2 shows that TiO, is 3 to 13 times as low in the younger gran- © 


ites as it is in the host by compari 
parison of every one of th k 
(the host and dikes). ‘ See ee 


In addition, we undertook an extended inquiry into the distribution of 


Determinations of titanium were made by the method of A. I, Ponomarey [7]. 
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Table 2. TiO, Content of Successively Formed Granites of the Kalba Body 


Host Rocks Rocks Cutting Through Hosts 
ample 3 “ Sampl 
No. Granite, Phase, Source TiO,, % ra € Granite, Phase, Source TiO,, % 
244 Porphyroid biotitic 0.74 Ta Fine grained granite 0.25 
granodiorite; 1st (dike) with 2 kinds 
phase, apical facies; of mica; 3rd phase; 
Asu-Bulak same source 
| 35 Medium-grained biotitic 0.40 35a Fine-grained granite 0.10 
granite; 1st phase (dike); 3rd phase; 
(main facies); near same source 
Chebyndy-Kul’ Lake 
235 Coarse-grained biotitic 0.13 236 Fine-grained granite 0.01 


granite; Gora Dungaly (dike); 3rd phase; 
same source 


anium in the representatives of all phases of the Kalba body intrusions 
th the calculation of the average magnitudes. 

The results are presented in Table 3. 

As we may See in Table 3, the highest average content of titanium 
oxide, 0.80%, is observed in the granites of the apical facies in the 

‘st phase of the intrusion; then follow (in the decreasing order) gran- 
s of the main facies of the same phase (0.33%), granites of the second 
ase (0.25%), granites of the third phase (0.09%), and, finally, pegma- 
es (0.02%). 

Biotite and ilmenite in the rocks are decreasing in the same sequence 
om the early rocks to the late), as is illustrated in Table 4. 

Inasmuch as we had already established that the primary accumula- 
ms of titanium in Kalba granites are associated with biotite and il- 
nite [10], with biotite as the principal carrier of this element (up to 
% of total TiO.), the distribution of titanium in the intrusive phases of 
> body, as here observed, becomes intelligible. The decrease of this 
»ment in the younger rocks is due partly to the progressive decrease 
the amounts of biotite and ilmenite in these rocks and partly to the 
crease of the TiO, content of the biotites. 

As it may be seen from Table 3, our TiO, average (0.33%) for gran- 
s of the main facies, first intrusive phase, Kalba body, is close to the 
sults reported by R. A. Daly and A. P. Vinogradov (0.39 to 0.34%) 

2]. In regards to the higher amounts of titanium in the granitoid 
ies of the apical parts of the first phase (0.80%), they may be related 
the assimilation of sandy-shaly materials of the host rocks, inasmuch 
TiO. is relatively high in the shales, as shown in Table 5 and the 
unites themselves contain indications of their proximity to the roof 
1 of their reworkings as previously discussed. 

Comparisons of the titanium dioxide average in granites of the main 
ies, first phase (0.33%) with the results obtained for pegmatites 
92%) show that nearly a 16-fold impoverishment of these late products 
1k place, with respect to titanium, during the consolidation of the in- 
isive. Rocks that were intermediate as to the time of their formation 
‘anites of the 2nd and of the 3rd phase) are characterized, in turn, by 


, 
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Table 3. TiO, Content of Granitoids and Pegmatites of the 
Kalba Body (by the intrusion phases) 


Sample Phase and 


Source 


k 
Be Facies TiO2, % Remarks 


250 Medium-grained biotitic 1st phase, 1.16 
granodiorite (near apical 
Ognevka settlement) facies 


62 Weakly porphyroid biotitic ud 0.81 
granodiorite (near 10 to 18% 
Bakennoe settlement) biotite; 


245 Medium-grained biotitic " 0.70 apne 


\ 0.30% 
ad (West of Belaia ilmenite 


(rarely 
29 Medium-grained biotitic u 0.61 higher) 
granite (South of Belaia 
Gora) 


244 Porphyry-like biotitic 
granodiorite (Asu-Bulak) as 0.74 


- Average for apical facies, first phase 0.80 


260 Porphyry-like biotitic 1st phase, 0.35 
granite (miroliubov main 
Vystup)* facies 


35 Medium-grained biotitic 4 0.40 
granite (near Chebyndy - 4 to 8% 
Kul’ Lake) biotite; 


104 Medium-grained biotitic " 0.30 idee 


granite (Sorokin Ds 17% 
Sopka)* ilmenite 


102 Medium-grained biotitic we 0.25 
granite (near Leninka 
Village) 


113 Medium-grained biotitic My 0.21 
granite 


114 Medium-grained biotitic es 0.45 
granite (vicinity of 
Zheltostas Settlement) 


45 Medium-grained biotitic y 0.33 
granite 
46 Medium-grained biotitic iu 0.41 
granite (near Gremiach’e 
Settlement) 
211 Medium-grained biotitic u 0.32 


granite (middle course 
of Voilochevka River) 


Average for main facies, first phase — 0.33 
me Goranig “‘mountain’’; “vystup’? 


isolated hill, generally cone-like ( 
valcano (in Caucasus). 


- a protruding flat piece of rock; Sopka - an 
in Siberia), a volcano (in Kamchatka), a mud 
The author’s usage is Siberian. VPS 
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Table 3. TiO, Content of Granitoids and Pegmatites of the 
Kalba Body (by the intrusion phases)—continued 


Sample Phase and 
No. Source Rees TiO,, % Remarks 
- Coarse-grained biotite 2nd phase 0.25 3 to 5% 
granites; mixture of biotite; 
5 samples; composites of up to 0.05% 
equal weights; (3 samples ilmenite 
from Sebinsk body, one 
from Monastyr, one from 
Dungaly)* 
7a Fine-grained two-mica 3rd phase 0.25 
granite dike (Asu-Bulak) 
1 to 2% 
117 Fine-grained biotitic o 0.16 biotite, 
granite stock (Mt. Air) and less; 
116 Fine-grained granite dike ie 0.08 ed oe 
i grains of 
(Mt. Air) : 
ilmenite 
116a Fine-grained granite dike m 0.06 in panned 
(Mt. Air) samples 
35a Fine-grained granite dike _ 0.10 
; (near Chebyndy-Kul’ Lake) 
236 Fine-grained granite us 0.01 
dike (Mt. Dungaly) 
123 Granite-porphyry (near ng 0.01 
Leninka Village) 
- Average for third phase ” 0.09 
- Pegmatites from Kalba body 3rd phase 0.02 Biotite and 
(data by S. G. Shavlo [9]) maximum ilmenite 
very rare 


*The meaning is obscure, possible because the author (or the editor) says: ‘‘v ravnyh 
vesovyh”’ instead of ‘‘v vesovyh srednih’’. A ‘‘weighted-mean’’ composite sample is meant 
consisting of 3, 1, and 1 parts of the contributing samples. VPS 


the intermediate contents of TiO,, reflecting thereby, in the sequence of 
their formation, the progressively decreasing amounts of titanium and 
constituting, as if it were, a connecting link between the earlier rocks 
and the pegmatites of Kalba. 

Bearing in mind that the apical parts of the intrusive were the first 
ones to be formed during the consolidation of the intrusion and that the 
formation of every one of the subsequent products of the intrusion (as 
attested by the observable geologic cross-intersections) was associated 
with accessions of fresh intrusive materials from the deeper parts of the 
magmatic basin, one may be led to the supposition that the inner parts of 
the intrusive body were progressively being deprived of their titanium, 
sven right up to the horizons of the origins of the pegmatitic melts. 
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Table 4. TiO, Content of Biotites of Kalba Granites 
eS ES ES ee 


Sample No. Source TiO, in Biotite, % 
244 Porphyry-like biotitic granodiorite, 4.00 
first phase, apical facies 
260 Porphyry-like biotitic granite, first 3.03 
phase, main facies 
246 Coarse-grained biotitic granite, 2nd phase 3.04 
235 Coarse-grained biotitic granite, 2nd phase 2.7 
236 Fine-grained granite, 3rd phase (dike) 1.4 
20 Ak-Kezen’ pegmatite 1.0 


Table 5. TiO, Content of Shales (Takyr Suite)* 


Sample No. Source TiO,, % 


64 Quartz-feldspar-biotite dark gray shale na iy 
with coal and ore substance (left bank 
of Ognevka River, by the brook) 


63 " " ” " 1.04 


259 Quartz-feldspar-biotite-chlorite-sericite 1.05 
dark gray shale containing coal and ore 
substance (Chalchin wedge) 


6a Dark-gray shale of the same composition 0.92 
(left bank of the middle course of 
Ognevka River) 


Average 1.03 


*Upper Devonian and Lower Carboniferous (named after Takyr River, S. Altai). 
Black shales up to 1,000 meters thick interbedded with quartz sandstones in 
their upper parts. VPS 


CONCLUSIONS 


With the example of the TiO, distribution in genetically interrelated — 
rock series in the Kalba granite body, the following was ascertained: 

1. On the whole, the distribution of titanium in the rocks of the gran 
ite body is irregular, although of the geologically fixed intrusive phases 
and facies each contains its own characteristic amounts of this element. 

2. The highest content of TiO, (0.80%) is observed in granitoids of 
the apical facies of the first intrusive phase; then follow the granites of 
the main facies of the same phase (0.33%), the granites of the second 
phase (0.25%), of the third (0.09%), and finally, pegmatites (0.02%). 
Thus, in the course of the consolidation of intrusives and of the subse- 
quent formation of the rocks composing the granite body, there was an 
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ntensified binding of titanium (formation of biotite and ilmenite) during 
he earlier phases of the magmatic activity, in consequence of which the 
as phases (pegmatites) became impoverished with respect to this ele- 
nent. 

| 3. The granites of the main facies of the first phase, preponderant 

m the granite body and, at the same time, least affected by the assimila- 
ion, are characterized by their average content of TiO, which is very 
‘lose to the granite averages reported by R. A. Daly and A. P. Vino- 
eco: 

_ In conclusion, the author gives his sincere thanks to L. M. Rodionova 
ind L. P. Timokhova for their aid in his work. 


: ‘ Received for publication 
November 15, 1957 
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EDITOR'S NOTE: : 

Comparison of a mafic extrusive series (A) and a calc-alkaline plutonic intru- 
sive series (B) with Znamenskii's data (C) shows a similar trend in late frac- 
tionation stages. 


Ti ppm 
(A) Skaergaard extrusives (B) Caledonian intrusives (C) Kalba granites © 
Wager and Mitchell (1951, Nockolds and Mitchell (1948, (this paper) 
Table F) Table II) 
Earlier olivine 3300 Ultramafic 4500 First pide ooo 
gabbro (A') 000° 
Hypersthene olivine 4700 Mafic 5000 Second phase 1500 
gabbro (B) 
Fayalite 14900 Intermediate 7000 Third phase 540 
ferrogabbro (F) 
Average acid grano- 1900 Silicic 3000 Pegmatite 120 


phyre (I) 


*High value because of probable shale assimilation. 


The high capacity of biotite for Ti suggests that the valence state of Ti in 
granitic magma is four. It is tempting to speculate that a serial change in Ti 
mineralogy occurs with impoverishment of Ti in the melt. Highly silicic residu- 
ums would tend to crystallize out titanite in preference to ilmanite. Under- 
saturated sodic magmas, on the other hand, would preferentially yield melanite 
and astrophyllite (Goldschmidt, 1954, 417-418). 


Goldschmidt, V. M., 1954, Geochemistry: Oxford, Clarendon Press, 730 pages. 


Nockolds, S. R. and Mitchell, R. L., 1948. The geochemistry of some Caledon- 
ian plutonic rocks: A study in the relationship between the major 
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Soc. Edinburgh, v. 61, 533-575. 


Wager, L. R. and Mitchell, R. L., 1951. The distribution of trace elements dur- 
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(J. G.) 


-1958 GEOCHEMISTRY NO. 1 
——————“..€§ = ————_—_=__————— 


CHRONICLE 


International Conference on Interplanetary Substance 


The International Conference on Interplanetary Substance took place 
in Jena, German Democratic Republic, on October 7-12, 1957. The Con- 
‘ference was organized by the German Academy of Sciences. Repre- 
‘sentatives of 11 countries participated in the Conference: England, Bul- 
garia, Hungary, German Democratic Republic, Holland, China, Poland, 
‘Rumania, Soviet Union, Federated Republic of Germany, and Czecho- 
slovakia. The total number of participants in the sessions was up to 
100. The Soviet Delegation was represented as follows: 

E. L. Krinov, Scientific Secretary, Committee on Meteorites, Acad- 
emy of Sciences, U.S.S.R.; L. G. Kvasha, Senior Scientific Associate, 
| the same Committee, and V. S. Safronov, Senior Scientific Associate of 
the Institute of Physics of the Earth, Academy of Sciences, U.S.S.R. 

The Conference was directed by Prof. K. Hoffmeister, Director of 
/the Sonnenberg Astronomic Observatory, with the participation of Prof. 
-F. Heide, Director of Mineralogic Institute, University of Jena, and Dr. 
I. Hoppe, Dozent of the Institute of Astrophysics of the same University. 

This was the first conference in the history of science embracing a 
wide range of problems, from purely astronomic to mineralogic-geo- 
chemical; all of which have a bearing on the highly complex problem of 
interplanetary substance: zodiacal light and the counter-luminescence, 
comets, meteors, meteorites. This serves to explain the nature of the 
‘Conference in which astronomers, mineralogists, and geochemists took 
‘their parts and where they all listened, with equal interest, to all of the 
reports. 
| Thirty papers were presented at the Conference, 10 of which were by 
‘members of the Soviet delegation, as follows: 


Akad. V. G. Fesenkov - On the northern zodiacal light 

Akad. V. G. Fesenkov - On the air wave caused by the fall of the 
Tunguska Meteorite in 1908* 

E. L. Krinov - The Tunguska Meteorite 

E. L. Krinov - On the mechanisms of destruction of meteoritic bodies 
in the atmosphere and on their original forms 

L. G. Kvasha - On certain types of stony meteorites 

B. Yu. Levin - A contribution to the history of variation studies of 
the numbers of meteors 

B. Yu. Levin - On origins of comets and meteorites 

Acad. A. P. Vinogradov, I. K. Zadorozhnyi, and K. P. Florenskii - 
The content of inert gases in the Iron Meteorite Sikhote-Alin't 


* This meteorite fell in the basin of Podkamennaya Tunguska (river) at 7 a.m., 
June 30, 1908. VPS 
+A report under the same title was published in Geokhimiya (6) 1957. 
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N. N. Pariiskii and L. M. Gindilis - Investigation of luminescence of 
the Green Line 5577 within the counter-luminescence area of noc- 
turnal sky | 

I. S. Shklovskii - The state of ionization of interplanetary gas and its } 
importance in certain geophysical problems Ht 


The following gifts were transmitted by the Soviet Delegation, on be- 
half of the Academy of Sciences, USSR: 

To the German Academy of Sciences - two specimens of the Sikhote- ~ 
Alin’ iron meteoritic shower weighing 9.3 and 8.0 kilograms. 

To the Mineralogic Institute of the University of Jena - five speci- 
mens of stony meteorites from USSR (chondrites), with the total weight 
of 379 grams. 

To the Institute of Astrophysics, same University - a specimen of 
meteoric and meteoritic dust from the site of the Sikhote-Alin’ meteo- 
ritic shower fall. 

On the motion by Prof. K. Hoffmeister, the Conference accepted the 
resolution to publish all of the presented reports in special issues of 
the following journals: the astronomical subjects - in Die Sterne, and 
the reports on composition of meteorites - in Chemie der Erde. Thus 
everyone who is interested in these topics may have the opportunity to 
see the full text of the reports. 

Interesting and worthwhile excursions to Potsdam, Babelsberg, and 
Sonnenberg Astronomical Observatories and to the optical and the as- 
tronomic plants of the K. Zeiss Enterprises, as well as to certain his- 
toric monuments of Weimar were organized for the members of the 
Conference. 

It should be pointed out that, throughout the time of the Conference, 
the relationships between its participants were warm and friendly and 
that the entire work of the Conference was in a healthy and business- 
like atmosphere. 


E. L. Krinov 


Geokhimiya began publication in 1956 under the able editorship of 
_A.P. Vinogradov. It is the Soviet counterpart of Geochimica et Cosmo- 
chimica Acta, having practically identical fields of interest and cover- 
age and publishing approximately the same number of pages per year. 
With the great increase in geochemical research in the U.S.S.R., there 
have come into being a variety of highly specialized journals in geo- 
chemistry and related fields. It is probably better to begin translating 
this more general journal first and follow with some of the more spe- 
cialized ones if interest appears to justify this course of action and if 
the financial arrangements can be made. It is hoped that there will be 
sufficient interest in this journal to justify translation and publication 
(as complete volumes) of the issues for 1957 and 1956. If individuals 
and organizations who would purchase such translations will write to 
one of the Editors, the work will be undertaken when enough expres- 
sions of interest have been received to justify the expense involved. 
Prices presumably would be approximately the same as for the 1958 
issues. 


The National Science Foundation has been most cooperative in this 
venture. They not only indicated willingness to back it financially but 
also helped in calculating probable costs and possible subscription in- 

come during the first year. It is on these figures, and those for adver- 

tising and administration, that the grant is based. It is a pleasure to 
acknowledge here the advice, assistance and support of the National 
Science Foundation. 

The translation has been done by Dr. V. P. Sokoloff of the U.S. 
Bureau of Mines. The abstracts are those that appeared with the origi- 
nal articles except where the transliteration was not consistent with 
the system used in the translation or where minor changes were re- 
quired for the sake of clarity. 


Earl Ingerson 
Translation Editor 


In matters of subscription for Geokhimiya refer to: Moskva K-104, Push- 
kinsakaya, 23, Akademkniga. Chief Editor: A. P. Vinogradov. . Editorial 
Council: V. I. Baranov, K. A. Vlasov, V. I. Gerasimovskii, D. S. Korzhinskii, 
A. A. Saukov, N. I, Khitrov (Responsible Secretary), V. V. Scherbina (Deputy 


Chief Editor). 


Geochemical News is an informal news letter published by th 
Geochemical Society and sent without charge to all of its members 
contains news of the activities of the Society, such as summari fe 
Council Meetings, reports of committees and plans for the future. " 
also includes announcements of forthcoming meetings and symposia 0 
interest to geochemists, personalia, announcements or short review: 
of books of geochemical interest, information on translations an 
translation services, letters and short notes by members, etc. 


Thus far it has not been possible to publish Geochemical News on 


ture. 3 
Subscriptions are available to institutions at $2. 00 per year. Ord r 
should be sent to the Treasurer: 


Dr. George T. Faust 
U.S. Geological Survey 
Washington 25, D.C. 


Individuals who wish to receive the News should join the Geochemica 
Society. Application blanks are available on request from the Treas: 
urer. Dues are $2.00 per year. 


Geochimica et Casmotianaee “Acta is the official journal of the ( Geo- 
chemical Society. It is an international journal interested in the bre y 
aspects of geochemistry, both geographically and subject-wise; articles 
have been received from contributors from all of the (irihabited) con- 
tinents. 

New chemical data and interpretations involving chemical princip es 
are emphasized. For example, papers in chemical mineralogy, petrol: 
ogy, oceanography and volcanology are acceptable, as are those in thi 
chemistry of meteorites, whereas it would be suggested that those ii 
descriptive mineralogy and volcanology, petrography, physical and bio- 
logical oceanography and physical meteorites, be sent to other journals 
specializing in these subjects. : 

Thus, the subject coverage is closely similar to that’of Geokhimiya. 
Also, the number of pages published per year is of the same order 6} 
magnitude. Subscription prices are as follows: 


To members of the Geochemical Society--$10.00 per year 
To other individual subscribers---------- $20.00 per year 
To libraries, laboratories, and other institutional subscribers 

o--------- $46.50 per year 


Orders for subscriptions should be sent to: 


Pergamon Press Pergamon Press, Ltd. 
122 E. 55th Street OR 4 Fitzroy Square 
New York 19, N. Y, London W.1, England 


